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ABSTRACT

COMPREHENSIVE BLACK LIQUOR DROPLET
COMBUSTION STUDIES

Leong-Teng Ip
Department of Chemical Engineering
Doctor of Philosophy

Black liquor, a byproduct from pulp production, is burned in a recovery boiler
to generate electricity and recover inorganic materials. Black-liquor-droplet
combustion is fundamental to understanding and potentially improving recovery
boiler performance.
This investigation reports comprehensive experimental data collected for a
suite of five liquors. All the data were collected with newly-designed laboratory
equipment, several aspects of which are unique. Single droplets were suspended
on a thermocouple and heated in a furnace. Simultaneous diameter (size and
shape), internal and surface temperatures, surface emissivity, and mass were
measured under various furnace temperatures and gas compositions. The images

recorded by the cameras show the droplet swelling characteristics during
combustion. Droplets swell more in inert environments and with low heating-rates
than in oxidizing environments and with high heating-rates. Softwood liquors
show greater swelling than softwood/hardwood mixed liquors. The internal
temperature measured by the thermocouple is lower than the surface temperature
measured with the optical pyrometer. This temperature gradient between the
droplet interior and surface can be larger than 300 K. Molecular-beam mass
spectrometry data were used to determine droplet mass loss and off-gas
composition. These mass-loss data differ by about 10% from the balance mass
data. These data provide a self-consistent and reasonably comprehensive
description of black-liquor-droplet reactivity. A one-dimensional transient droplet
model predicts droplet temperatures and mass loss comparable to the data. The
combustion of volatiles, droplet swelling, and enthalpy of devolatilization were
proved to be significant.
Intermediate-sized particle (ISP) formation was investigated with a
suspended-droplet experimental technique. The images indicate that a small
amount of particles are ejected during drying. Insignificant ISP formation during
devolatilization occurs. Char burning and smelt oxidation produce the largest
amount of ISP. Quantitative analyses indicate that both droplet solids-content and
liquor type impact ISP formation. Longer burning times produce more ISP, with
total ISP formation being 0.2-2% of dry solids. Sampled ISPs show consistent
trends in surface structure and particle sizes under a scanning-electronmicroscope, independent of the experimental conditions.
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1. INTRODUCTION
This chapter presents a background describing what black liquor is and where it
comes from, as well as the significance of black liquor. A fundamental description of
black-liquor-droplet combustion is also included in the chapter.
1.1.

Background

Black liquor is a byproduct of the production of high-grade pulp from wood. Blackliquor combustion in recovery boilers extracts energy and recycles inorganic chemicals.
Such boilers are sometimes called Tomlinson furnaces, although this term is most
properly applied only to those designed by Babcock and Wilcox, one of the major
recovery boiler design firms. As slightly over half of the mass of wood feedstock used for
papermaking ultimately does not contribute to pulp, the energy required for papermaking
could be supplied entirely by the combustion of this non-pulp fraction. In practice, most
mills import small amounts of electricity, both for reasons of connectivity to a reliable
grid and because the economics of power generation become less favorable as the mill
changes from a net power consumer to a net power producer. Still, papermills constitute
the largest source of energy derived from an industrial byproduct, and the largest nonhydro source of renewable energy generation in the United States [1]. The energy value
of the annual black-liquor generation in the US is about 9x1017 J (8.5x1014 Btu), which
amounts to more than 1% of the total annual energy production and over half of the nonhydro renewable energy [1]. Improving boiler efficiency, throughput, and availability
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contributes to both national and industrial priorities. The work summarized in this
document provides fundamental information that is essential to better understanding and
resolving sources of inefficiency, unscheduled shutdowns, and choke points in
throughput in recovery boilers.
1.1.1. The Kraft Pulping and Recovery Cycle
In the process of kraft wood pulping, wood chips flow into a digester containing a
165 °C solution of 60% sodium hydroxide, 25% sodium sulfide, and 15% sodium
carbonate (all on a dry weight basis), referred to as white liquor. The sodium salts
dissolve lignin and some polysaccharides (cellulose and hemicelluloses) in the wood
chips during digestion. Insoluble fibers, dominated by cellulose, form pulp, one of the
two primary effluents from the digester. Pulp is further processed to make paper in a
sophisticated series of unit operations. The current investigation focuses on the second
effluent, the mixture of pulping chemicals, water, and partially dissolved organics that are
collectively referred to as black liquor. The black liquor exiting the digester contains
about 15-20% solids (wet weight basis), comprised of approximately equal parts of
organic solutes and the pulping chemicals. The term weak liquor refers to liquors with
such low solids-content. Weak black liquor contains too much moisture to be a reliable
fuel. A concentrating process removes water, typically in a series of multiple effect
evaporators, transforming the liquor from weak to strong. The results is a strong black
liquor (65-85% solids, wet weight basis), which forms the fuel for a recovery boiler.
The recovery boiler represents the single most costly element of a papermill, and is
commonly the bottleneck to overall mill production. It has two primary purposes: to
recover the digestion chemicals for recycle, and to provide electricity and steam for on-
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site use. The post-combustion residue contains mainly inorganic-alkali salts in the form
of smelt that drains from the boiler. The smelt flows into a water bath to produce green
liquor containing sodium carbonate and sulfide, and further causticized by adding
calcium carbonate and oxide to transform residual sodium carbonate into sulfides and
hydroxides, regenerating white liquor for the next pulping cycle. Figure 1 illustrates the
pulping and recovery cycle schematically.

Figure 1: Kraft pulping cycle schematic (from [2])

The main components of black liquor are organic substances from wood, such as
lignin and hemicellulose, and inorganic-alkali substances such as sodium and sulfur
compounds. Some cellulose and several non-process elements such as potassium, silicon,
and chlorine are also present in the liquor. Table 1 shows the typical elemental
composition of black liquor on a dry basis. The organic components qualify black liquor
as a fuel, and the inorganic-alkali compounds make the recycle possible. The overview
here greatly simplifies the chemically sophisticated pulping and liquor recovery processes
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and the variation of black-liquor properties. The discussion will turn to specifics of the
black-liquor combustion process; further details about the pulping process are available
elsewhere [3].

Table 1: Typical elemental composition of black liquor solids
Element

Wt. % of Solids

C

33.8

H

2.90

O

34.8

S

3.80

Na

21.8

K

1.20

Cl

0.20

N

0.10

Other

1.4

1.1.2. Black Liquor Droplet Combustion
The combustion process of black-liquor droplets proceeds through four notnecessarily-sequential stages: drying, devolatilization (pyrolysis), char oxidation and
gasification, and inorganic smelt coalescence. Figure 2 illustrates these four stages
schematically.

4

Figure 2: Combustion stages of a single black liquor droplet (from [4])

Drying involves the transport of free and adsorbed water from the droplets and
generally occurs under heat-transfer-controlled conditions, meaning the rates of
vaporization depend strongly on the gas temperature, but very weakly on local gas
moisture content. Droplets usually swell about 50% in diameter during drying [5]. The
size and thermal conductivity of most droplets result in steep concentration and
temperature gradients, with the center of the droplet commonly still undergoing drying as
the surface begins thermal decomposition (devolatilization).
Devolatilization or pyrolysis refers to droplet thermal decomposition that releases
volatiles and forms char. Occasionally, authors refer to such reactions in oxidizing
environments as devolatilization, using pyrolysis to refer to similar reactions under
neutral or reducing environments, but in this document no distinction between the terms
is made. Commonly 60-80% of the organic material is converted to gas-phase products
during pyrolysis, with the remaining 20-40% forming char that is greatly enriched in
carbon relative to oxygen, hydrogen, and sulfur. During devolatilization, the droplets
swell substantially, with diameters commonly increasing by more than a factor of 3 and
volumes and densities changing by over a factor of 100. A visible flame appears around
the droplet due to the combustion of the volatile gases and tars.
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The condensed-phase, carbon-containing product of devolatilization is char, which
occurs in the droplet in combination with the residual inorganic material. Black-liquor
chars exhibit extremely high porosity (90-99%). They contain carbon, oxygen, hydrogen,
and most of the inorganic matter from the original black-liquor droplets. During char
burning, the residual organic-carbon burns, and some of the inorganic materials
containing sodium, potassium, chlorine, and sulfur vaporize and later re-condense to form
small inorganic particles, called vapor condensates or fume. Nitrogen is also released to
form a combination of molecular nitrogen and oxides of nitrogen (dominantly NO). As
char burns, the inorganic-alkali salts coalesce in a process driven by surface-tension
forces and characterized by diameter/volume reductions as dramatic as are the increases
during pyrolysis. The inorganic-alkali salt compositions typically include sodium
carbonate, sodium sulfate, and sodium sulfide.
At the end of carbon burnout, the molten-alkali salts coalesce into a single smelt
particle. This process is called smelt coalescence. These smelt reactions include
carbonate and sulfate decomposition reactions at successively higher temperatures,
leading to significant changes in particle mass based on inorganic transformations [4].
These inorganic decomposition reactions and the potential for smelt interactions with
residual carbon blur traditional distinctions between combustion of organic fuels and the
fate of inorganic material. Also, the inorganic material substantially catalyzes reactions of
organic components such that carbon dioxide and especially steam represent significant
char reactants, even in overall oxidizing environments [6, 7]. Furthermore, the details of
these chemical transformations involve nitrogen evolution through pathways that differ
from those of normal inorganic transformation [8].
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These four processes occur in reasonably well-separated temperature regimes. Blackliquor droplets commonly have initial diameters of about 2 mm. This relatively large size
for an entrained-fuel-particle, combined with the extremely low porosities and hence low
thermal conductivities, gives potential rise to steep temperature and composition
gradients within an individual particle. Predictions suggest that the particle-averaged
rates of these four combustion stages do not occur in sequential order as is common in
coal and to some extent biomass, but rather overlap each other under most recoveryboiler conditions. The magnitude of thermal and concentration gradients in a single
droplet/particle is commonly surmised but has never been documented in previous
experiments. The results of the current research should provide some measure of these
gradients. Additionally, the friability of the porous materials combined with their rapid
reaction rate gives rise to surface shedding of small particles. This project is the most
definitive work to date on the shedding of such small particles.
1.2.

Dissertation Outline

The rest of the document is organized in the following manner. Chapter 2 presents a
detailed literature review regarding black-liquor-droplet combustion, illustrating the need
of this project. Chapter 3 is a review of the objectives of the project. Chapter 4 presents a
detailed description, including construction methods, features, and experimental
procedures, of the experiments performed in this project. Chapters 5 discusses the results
of black-liquor-droplet-combustion studies and molecular-beam mass spectrometry
(MBMS) studies, respectively. Chapter 6 discusses the studies of Intermediate-sized
particle (ISP) formation during black-liquor-droplet combustion. Chapter 7 describes a
droplet-combustion model, and compares the results of the model with the available data
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from Chapter 5. Finally in Chapter 8, key findings of this work are summarized.
Recommendations for future work also are included in this final chapter.
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2. LITERATURE REVIEW
This chapter reviews contributions of other researchers, with emphasis on results
aligned with the objectives of the present investigation.
2.1.

Droplet Combustion Experiment

Single-droplet-combustion behavior largely dictates the overall conversion processes
occurring in the upper furnace section of a recovery boiler. Early investigators suspended
black-liquor droplets on platinum and thermocouple wires, and inserted these into a
laboratory muffle furnace with stagnant air and temperatures ranging from 600-900 °C
[9]. A video camera was used to record the burning process. Based on this setup, the
droplet interior temperature, the swelling behavior, and the durations of the combustion
stages were successfully measured, except the droplet surface temperature remained
uncertain. Flowing gases with various concentrations were later used to better simulate
the reaction conditions [10]. Another common type of experiment employed black-liquor
droplets and pulverized black-liquor dry-solid particles burned in a laminar, entrainedflow reactor (LEFR). Black-liquor droplets/particles were injected at the top of the
reactor, and fell against a counter-flowing hot gas stream with an upward velocity of 3.2
m/s [1]. The conditions in this method were closer to the environment in the recovery
boiler, but this method did not allow continuous imaging of the droplet/particle
combustion process. Other reactors have also been used, such as heated-grids, drop-tubes,
and thermogravimetric analyzers [11]. All of these experimental facilities have strengths
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and weaknesses, but the data obtained from them provide a sound basis from which
black-liquor-combustion models and understanding were developed. More accurate
droplet surface temperature data are needed to better quantify mechanisms and improve
model capabilities.
2.1.1. Swelling During Devolatilization
While many fuels swell during combustion, including many types of coal and some
types of biomass, no other common fuels swell to the extent that has been reported for
black liquor. Due in part to swelling and the associated large increase in volume and
porosity, and the decrease in thermal conductivity, temperature gradients develop in the
droplet. Such temperature gradients have major effects on heat fluxes and reaction
kinetics. Swelling also affects droplet trajectories (increasing drag), char combustion rate
(increasing surface-area-to-volume ratios and especially surface-area-to-mass ratios), and
entrainment in the recovery boiler [12]. The degree of swelling was found to be
dependent upon both the initial droplet size and the dry solids-content [13]. Increasing
solids-content from 50 to 80% decreased the degree of swelling by nearly a factor of 2 at
temperatures between 400 and 600 °C [14]. Liquor type is a large factor as well. Sulfate
liquor swells more than sulfite liquor. Liquors containing more lignin exhibit greater
swelling [15]. Furnace operating conditions such as temperature, gas composition, and
pressure are also primary factors. Gas temperature and composition were found to affect
swelling simultaneously [16]. The effects of oxygen, nitrogen, carbon dioxide, and steam
on swelling were investigated. Maximum swelling occurred in reduced-oxygen
environments (4-12 % O2), and less swelling occurred in air or high concentrations of
CO2 and steam. Pressure tended to decrease swelling in the pressure range of 0-20 bars
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and temperature range of 650-1100 °C [4]. Despite these relatively exhaustive
experimental investigations, no generally accepted swelling model exists, either as a
quantitative or even conceptual expression. A recent method of modeling black-liquordroplet swelling [17] assumes that the droplet consists of a coalescence of bubbles that
expand when the droplet is heated. This model is still in a preliminary stage but may have
trouble describing the large variations in swelling behavior and the extreme swelling that
is common in black-liquor combustion.
2.1.2. Volatiles and Char Yields
Volatiles and char yields during black-liquor devolatilization strongly depend on gas
temperature but are independent of initial droplet mass. In muffle-furnace experiments in
an N2/CO atmosphere, increasing furnace-gas temperature from 600 to 1200 °C increased
volatiles yield from 35 to 75% of the initial dry-solids, and decreased char yield from 65
to 12% of the initial carbon [18]. In LEFR experiments with high heating-rates ranging
from 4000-13000 °C/s, char yield was found to be dependent on the furnace temperature
but not on particle heating-rate [19]. Increasing furnace temperature from 700 to 1100 °C
decreased char yields from 75 to 58% of the initial carbon. Increasing pressure tended to
decrease tar yield and increase char yield by suppressing the sodium-carbonatedecomposition reaction [4]. The volatiles released were identified to be mainly CO2, CO,
H2O, H2, CH4, light hydrocarbons, tars, H2S and mercaptans [18]. The release of H2, CO,
and light hydrocarbons increased with furnace temperature while the release of CO2 and
sulfur containing species decreased [20]. Tars degraded thermally to secondary gases,
including CO2, CO, methanol, aldehydes, and light hydrocarbons [21, 22].
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2.1.3. Sodium Release During Devolatilization
Black liquor contains about 20% sodium (dry basis). Some experiments indicate that
substantial amounts of sodium, in the range of 15-20 %, vaporize or otherwise leave the
particle during devolatilization, although the amounts are not well established and the
mechanisms are even less well settled [23, 24]. Droplet temperature increases sodium
release [20, 25, 26]. One of the proposed mechanisms for sodium release involves the
thermal decomposition of Na2CO3 with carbon (Section 2.1.4). The sodium-vapor product
of this reaction reacts and condenses to form submicron particles called fume, containing
mainly sodium salts. Some researchers argue that sodium vapor is unstable at the normal
recovery boiler temperature, and so actually NaOH rather than sodium vapor is released
[27]. Investigation of released products should improve the understanding of this issue.
Sodium is also possibly released by physical ejection of sodium-containing salts from the
droplet/particle by eruptions during devolatilization [28, 29]. This process is reviewed in
Section 2.3.
2.1.4. Char Oxidation and Gasification
Black-liquor char consists of impure carbon from partially pyrolyzed black-liquor
solids, with large amounts of inorganic salts and minor amounts of oxygen, sulfur,
nitrogen and hydrogen. Char oxidation proceeds through a heterogeneous and often
diffusion-controlled process. Oxidizers (O2, H2O, and CO2) diffuse to the char surface
where they react mainly with carbon. Swelling during devolatilization produces swollen
and porous char (90-99 % porosity) that enhances both the external and internal mass
transfer.
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During char-burning, carbon reacts with O2, CO2, and H2O to form CO2, CO, and H2,
respectively. Reactions with O2 are exothermic and involve direct oxidation of the carbon
to CO and CO2, with ∆H1200K of -111 kJ/mol C and -393 kJ/mol C, respectively.
Reactions with CO2 and H2O are endothermic gasification-reactions to form CO and H2,
with ∆H1200K of 172 kJ/mol C and 138 kJ/mol C, respectively. Oxygen is required during
carbon oxidation, and is consumed in the particle boundary layer by reactions with CO
and H2 to form CO2 and H2O, with ∆H1200K of -565 kJ/mol O2 and -249 kJ/mol O2,
respectively. The CO and H2 gases for these reactions are produced by char gasification.
The heat needed by gasification reactions can be provided by the heat released from the
direct oxidation reactions or from the oxidation of gasification products in the boundary
layer. Recently, gasification reactions were found to be more dominant (faster rate) than
oxidation during char burning [30]. Interestingly, these studies are in stark contrast to
previous investigations of coal and biomass chars combustion, where gasification
reactions are orders of magnitude slower than oxidation reactions at atmospheric pressure
and temperatures of typical air-blown gasifiers. In addition, the reactions of H2 and CO in
the boundary layer of the char particles are uniformly considered of little importance in
coal and biomass combustion and gasification [31]. The reasons for the differences
between black-liquor-char behavior and the behavior of coal and biomass chars have not
been thoroughly studied. Investigations are needed in order to sort out the mechanisms
and rates of black-liquor char oxidation and to explain the difference between blackliquor char and chars of coal and biomass.
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2.1.5. Inorganic Reactions
Alkali species in the char have complex chemistry during char burning. The alkali
reactions that occur during char burning are the conversion of the alkali-carbon
compounds in char to inorganic salts in smelt. The main reaction is Na2CO3 reacting with
carbon to form sodium vapor and CO or CO2 (∆H1200K = 949 kJ and 1354, respectively)
that leads to fume formation. The vaporization of NaCl and NaOH represent other
sources of fume formation [32]. Carbon also reacts with alkali salts, mainly Na2SO4, to
form Na2S and CO or CO2 (∆H1200K = 537 kJ and 193, respectively). The Na2S formed
here is re-oxidized to Na2SO4 if O2 reaches the char surface. This is called the sulfatesulfite cycle, which reduces the emission of SOx, but increases inorganic aerosol
formation. This sulfur chemistry is complicated, and the latest detailed investigations of
sulfur release outline the proposed chemistry [33]. Table 2 summaries the reactions
mentioned in Sections 2.1.4 and 2.1.5.

Table 2: Char burning and inorganic reactions
No.

Reactions

∆H1200K,

Reference

1

C + O2 → CO2/CO

-393/-111

[34]

2

C + CO2 → 2CO

172

[35, 36]

3

C + H2O → CO + H2

138

[37]

4

2CO + O2 → 2CO2

-565

--

5

2H2 + O2 → 2H2O

-249

--

6

CO + H2O → CO2 + H2

--

[38]

7

Na2CO3 + 2C → 2Na + 3CO/CO2

949/1354

[38]

8

Na2SO4 + 2C → Na2S + 2CO2/CO

193/537

[30]

9

Na2S + 2O2 → Na2SO4

--

[34]
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2.2.

Black Liquor Droplet Model

Single-particle black-liquor-combustion modeling represents a relatively welldeveloped science, although it exhibits several features unique to black liquor as
compared with coal, biomass, and other low-grade fuels.
The first detailed model was finished by Frederick [39]. In this model, the drying
stage was modeled as a heat-transfer controlled process. The droplet was assumed to
swell 1.5 times of the original droplet diameter. Other assumptions included uniform
droplet temperature and no overlap of drying and devolatilization. Chemical kinetics of
volatiles was not considered in the devolatilization model, which was assumed to be a
heat-transfer process. Swelling and devolatilization were stopped when the assumed
maximum temperature was reached. For the char burning stage, the major assumption
was that the diffusion of oxidizers (O2, CO2, and H2O) to the droplet surface was the ratecontrolling step. This simplified model provided the fundamental concepts of blackliquor-droplet-combustion modeling.
Later, devolatilization was modeled as a chemical reaction [29]. This droplet model
accounted for droplet aerodynamics, heat transfer, and chemical reaction. The particle
was assumed to be spherical. Drying was modeled as heating-rate dependent.
Devolatilization was based on a kinetically-limited model which contained two global
reactions. No gas-phase reactions were included. Swelling was determined by a fixed
swelling factor. Pore diffusion, film-mass-transfer, and blowing effects during char
burning were all considered. The model, though, did not consider simultaneous drying,
devolatilization, and char burning. This model was modified to include gas-phase
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reactions [34]. These gas-phase reactions included the reactions of O2 with CH4, H2, and
CO.
Simultaneous drying and devolatilization was considered later in a black-liquorcombustion model [40]. This model also included internal heat-transfer and temperature
gradients. An effective-thermal-conductivity calculation was also used. More recently, a
model was developed which treated the processes of drying, devolatilization, and char
burning as occurring in parallel. This eliminated the need for arbitrary criteria for
transitions between stages [41]. This model was based on an elemental analysis of the
black liquor, with all mass-transfer between the liquor and gas phases occurring as
defined chemical species. Another unique issue was that the overall swelling and
shrinking of the droplets were natural consequences of the density differences between
liquor solids, char, and smelt. This allowed the fixed swelling factor input to be
eliminated. Temperature gradients within the droplet and droplet fragmentation were two
of the main undeveloped issues that the authors mentioned in the article.
A recently-developed model [42], with similar kinetics as the previous model
mentioned [41], provided interesting results. Based on the model, char was consumed
during devolatilization mainly due to H2O gasification, and no direct O2 oxidation took
place. During char combustion, char was mainly gasified instead of oxidized by O2. This
model was then modified with detailed considerations of effective thermal conductivity
and internal thermal radiation [43].
The Chemical-Percolation-Devolatilization (CPD) model was recently applied to
black-liquor devolatilization [44, 45]. This model for black liquor predicts the total
volatile, tar, and char yields based on the fuel structure and components. The model
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predictions agree with limited experimental data, but more data are required to validate
the model [46].
2.3.

Molecular-Beam Mass Spectrometry

Molecular-beam mass spectrometry (MBMS) is a useful tool for detecting reactive
and condensable intermediate species during the thermal decomposition process [47].
The MBMS technique allows molecules leaving the sample to pass directly into the
ionization region of the mass spectrometer without further reaction. This makes MBMS
ideal for investigation under high-temperature, ambient-pressure environments.
The integrity of the sampled, high-temperature combustion gases is preserved by the
free-jet expansion through a nozzle. A free-jet molecular beam is a neutral (without
charge) supersonic beam. The under-expanded free-jet is formed when a high-pressure
gas source expands into a low-pressure ambient environment through a nozzle. The main
features of a free-jet are that once the molecules enter the free-molecular flow region of
the expansion, collisions are minimized, thus, decreasing molecular rotations and
vibrations. The molecular flow field effectively quenches chemical reactions and inhibits
condensation to allow the highly reactive and condensable species to remain in the gas
phase at temperatures lower than the condensation temperatures. The molecules are then
ionized by the ionization source and detected by the mass spectrometer. Detailed
description of MBMS theory appears in the literature [48].
MBMS applications on biomass [49-52] and black liquor [27, 53, 54] have proven
successful. Alkali vapor release during dried-black-liquor-powder combustion at 1100 oC
has been observed [27]. Intermediates and species such as NaCl, HCl, NaOH, and
Na2SO4 were monitored continuously. Black-liquor-char has also been characterized by
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using MBMS [48, 53]. The effects of the CO2/CO ratio on inorganic-carbonate
decomposition were studied by monitoring the inorganic-carbonate content history.
MBMS has also been coupled with a pressurized, entrained-flow reactor for studying the
effects of pressure on tar formation during black-liquor devolatilization [54]. Tar
components such as benzene, toluene, and naphthalene were detected in that experiment.
Similar MBMS experiments have not been performed to suspended black-liquor droplets
yet. Such an experiment has many difficulties, however, valuable information may be
obtained by monitoring droplet drying, devolatilization, and char combustion
simultaneously.
2.4.

Intermediate-Sized Particle Formation

Black liquor contains relatively high fractions of inorganic materials that form lowmelting-temperature ash after combustion. Depending on the particle size and formation
mechanisms, there are three types of particles: carryover, fume, and intermediate-sized
particle (ISP). Carryover particles are mainly partially-burned black-liquor droplets, and
have diameters of the same order of magnitude as the original droplets (100 µm to 2 mm).
Fume particles or inorganic aerosols are formed by condensation of volatilized inorganic
salts. They generally originate from char particles and typically have smaller diameters
(0.1 to 1 µm). Particles ranging from 1 to 100 µm in size are called intermediate-sized
particles (ISP). The potentially large role of ISP in deposit formation only recently
attracted attention.
One potential formation mechanism of ISP was first identified by Verrill [23]. The
term “ejecta” was used because these particles were leaving the droplet at high velocity.
The study concluded that sodium was released by this physical ejection during drying and
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devolatilization. Baxter and Sinquefield [55] first suggested that ISP represent a
potentially large fraction of the material depositing in boiler banks of recovery boilers
based mainly on laboratory-scale deposit formation investigations. Baxter et al. [56]
performed a field test of size distribution and concentrations of black-liquor-ash particles
in a recovery boiler. Three kinds of larger particles were obtained. SEM analyses showed
that these particles were formed by black-liquor fragmentation during devolatilization
and char burning. Another field test with laser measurements on ISP size distributions
and concentration showed that ISP were generated by re-suspension of fouling deposits
[57]. Experimental results in a laminar entrained-flow reactor [55] suggested that ISP
were fragments from burning droplets, condensed aerosols, or agglomerated and
coalescing droplets. Some investigators suggested that ISP were formed by the ejection
of smaller droplets during the impact of molten carryover particles on a cold surface [5860]. Later, ejections of ISP were explained to have occurred following a local burst or
mini-explosion on char surface. The gaseous products of endothermic sulfate or
carbonate reduction reactions form and build up pressure underneath the molten smelt
surface, and then suddenly overcome the surface-tension forces and eject small portions
of the surface material (molten smelt) into the gas phase [61-63]. This is a reasonable
explanation of ISP during char combustion, but no ISP formation during drying and
devolatilization has been observed. In another LEFR experiment, the effects of the initial
particle size of dried-black-liquor, the oxygen concentration in reacting gas, and the
black-liquor composition on ISP formation were investigated [64]. The fundamental
studies on ISP formation from single droplets have not been performed yet. The potential
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information may be useful for better understanding the formation mechanism of these
particles.
2.5.

Literature Summary

Muffle-furnace experiments have been very useful for providing data on singledroplet combustion. The advantage of this type of setup is the capability of dynamic and
continuous imaging during droplet combustion. The current data in literature are
valuable. However, the resolution of the images should be improved. If imaging can be
performed from different directions, the unpredictable swelling behavior can be better
studied. Also, only droplet interior temperatures have been measured in previous
experiments. Thus methods for simultaneously measuring droplet mass and surface
temperatures are needed. The synchronization of imaging, surface temperature
measurement, and mass measurement will be great contributions towards understanding
single-droplet black-liquor combustion.
Swelling is the unique part of black-liquor combustion. Based on the current
literature, swelling is still not understood very well. Better imaging will be helpful, and
the data may be useful for developing new swelling model. Existing models for blackliquor-droplet combustion are very sophisticating but relatively complex. It is expected to
model black-liquor-droplet combustion with a simpler model supported with the selfconsistent experimental data.
Inorganic-species evolution is another interesting aspect of black-liquor combustion.
MBMS has proven to be useful for studies of condensable volatiles. Previous MBMS
studies on black liquor gave evidence of alkali-intermediates formation during blackliquor-solids combustion. Similar experiments have not been performed on suspended
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droplets yet. This type of data may be useful for better understanding the release of
volatiles and alkali species, as well as for char combustion.
Finally ISP is a relatively new area of black-liquor research. Experiments have been
performed by different researchers with black-liquor powder in an LEFR. Field tests also
showed the significance of this type of particles in the recovery boiler. ISP formation
from single droplets has not yet been studied, and may aid in understanding the
fundamentals of the formation mechanism of ISP.
The table below summarizes the selected literature with significant contributions on
the topics mentioned above.

Table 3: Selected literature related to the topics mentioned
Diameter

Internal

Surface

Temperature Temperature

Mass

Simultaneous
Measurement

MBMS

ISP

[4]

[9]

[9]

[21,22]

[23,28]

[9]

[13]

[18]

[27]

[56]

[27]

[48,53]

[57]

[54]

[61,63]

[10]
[12, 16]
[14]

[62]

[15]
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3. RESEARCH OBJECTIVES
The objectives of this project address the research needs mentioned in the literature
review chapter. The ultimate goal of this project is to investigate single-black-liquordroplet-combustion reactivity. This includes combustion behavior and characteristics, as
well as droplet/particle fragmentation during black-liquor-droplet combustion under
different reaction conditions such as furnace gas temperature and composition. Liquor-toliquor difference was also a topic in the investigation. The ultimate project goal was
accomplished by completing the following four tasks:
•

Design and develop an experimental capability to obtain a self-consistent,
comprehensive set of data, including droplet size, shape, internal and surface
temperatures, and mass loss, to describe black-liquor-droplet combustion

•

Modify an existing liquid-chromatograph mass spectrometer and perform
molecular-beam mass spectrometry (MBMS) to measure product off-gas
composition and intermediate-alkali species formed during single-droplet
combustion, and to attempt to relate these data with the droplet mass loss

•

Produce qualitative evidence and quantitative data of ISP formation from singledroplet combustion, and investigate the effects of different factors such as liquor
type and droplet size on the amount of ISP
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•

Model single-black-liquor-droplet combustion as a function of residence time and
reactor conditions (gas temperature and composition), and compare the model
results with the data obtained in the project

Some experimental techniques such as the color-band method and MBMS on suspended
black-liquor droplets are new to the field. In addition, some of the data such as the droplet
surface temperature data, the mass data, the simultaneous data, and the ISP data, for
suspended droplets are all new information. The combination of data from these
experiments is expected to provide solid contributions to the current understanding of
black-liquor-droplet combustion.
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4. EXPERIMENTAL APPROACH
The experimental portion of this project involved substantial laboratory and reactor
design, modification, construction, and trouble shooting. Some of the equipment was
purchased, some was rebuilt, and some was designed and constructed, including an
MBMS built from portions of an abandoned, non-molecular-beam mass spectrometer and
a spare detector. This chapter summarizes the experimental methods and the features of
the equipment used in the project.
4.1.

Experimental Materials and Methods

There were five liquors used in the project, with compositions indicated in Table 4.
These liquor samples were all from industrial papermills.
The first two liquors, A and B, are softwood liquors and come from a mill in the
Northwest United States. Liquor A came with very high solids-content (>95%), and
Liquor B came with about 50% solids. The other three liquors, C, D, and E, were
softwood/hardwood mixed liquors and came from different mills. Liquor C came with
55% solids, Liquor D came with about 70% solids, and Liquor E came with 77% solids.
All the liquors were either diluted or concentrated to about 50% and 70% before being
used. Three types of experiments were performed in this project: droplet combustion
experiments, MBMS experiments, and ISP experiments.
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Table 4: Compositions of black liquors used in the project
Elements

Black Liquor
A

B

C

D

E

C

35.6

36.0

39.3

38.6

37.5

H

3.34

3.48

3.64

3.52

3.63

O

36.6

33.3

33.5

n.a.

n.a.

S

4.06

3.49

2.69

3.47

3.92

Na

18.8

22.0

18.4

n.a.

n.a.

K

1.50

1.26

2.2

n.a.

n.a.

Cl

0.10

0.55

0.22

n.a.

n.a.

Initial %Solids

95

50

55

70

77

Softwood

Softwood/hardwood

n.a. - not available

4.1.1. Droplet Combustion Experiment
The first experiment in the project was a droplet combustion experiment. The
objective of this experiment was to investigate black-liquor reactivity under laboratory
conditions. The dynamic profiles of droplet size (diameter), internal and surface
temperatures, and mass loss during droplet combustion were measured with the imaging
system (Section 4.2.1), the data logger and the optical pyrometer (Section 4.2.2), and the
balance (Section 4.2.4), respectively. The effects of liquor type, furnace temperature, and
gas composition were investigated.
This experiment was performed with the furnace as the heating source (Section 4.2.3).
Each of the five liquors was used in this experiment, with solids-content near 70 %. Two
furnace gases, air and nitrogen, were used. The gas was first heated to about 300 °C with
a preheater, and then entered into the furnace which was heated to higher temperatures.
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Three furnace gas temperatures, 700 °C, 800 °C, and 900 °C, were used in the project.
The experimental runs were repeated at least 3 times for each condition, and statistical
analyses provided best estimates and confidence intervals for measured results. Data such
as temperature, size, and mass loss were taken both individually and simultaneously for
comparison.
Figure 3 schematically illustrates the experimental setup designed and built for the
droplet combustion experiment. A single droplet, with a diameter of 1.5-3 mm, was
suspended on a K-type or an S-type thermocouple. A wireless data logger, from PACE
Scientific, was connected to the thermocouple for internal temperature measurement at a
speed of 100 Hz. The data logger combined with the thermocouple and the droplet, were
placed on top of a balance. A water-cooled jacket (Section 4.2.4) was placed into the
furnace before the insertion of the droplet, the thermocouple, and the data logger. The
imaging system and optical pyrometer were focused to record the physical changes and
surface temperature distribution of the droplet. Once all the parts were in position, the
data logger and the balance were started and the cooling coil was removed. The droplet
dried, heated, devolatilized, and either oxidized or gasified, depending on gas
composition. Synchronization was performed by timing the data logger, the camera, and
the balance with computer clocks. All the data were transferred to the computer for
further analysis. This method could synchronize all the devices within half of a second.
For the swelling studies, the images acquired by the camera were viewed frame by
frame. The horizontal and vertical diameters of the droplet in the image were taken in the
unit of image pixel number. The two diameters were then averaged and divided by the
original droplet size. All five liquors were used for this investigation, and three of these
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liquors provided statistically meaningful results. For the temperature change
investigation, all five liquors were used. The mass and the simultaneous droplet size,
temperatures, and mass measurements were performed with randomly chosen liquors.

Figure 3: Setup for the droplet combustion experiment

4.1.2. MBMS Experiment
The second experiment in the project was the MBMS experiment. The objective of
this experiment was to monitor the off-gas composition and alkali intermediates released
during droplet combustion. It was also of interest to relate these data to the droplet mass
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loss. The combustion gas coming off the droplet was sampled by the mass spectrometer
through the double skimmers (Section 4.2.5).
This experiment was performed with the MBMS technique developed at BYU. The
most time-consuming part of this experiment was the modification of an abandoned mass
spectrometer to become an MBMS (the first such device used in combustion research at
BYU) with assistance from the University of Utah and the BYU Chemistry Department.
The experimental technique was similar to the droplet combustion experiment. A droplet
was placed in a small furnace/reactor, which was adapted to be placed on top of the mass
spectrometer. The droplet was burned, and the differential vacuum system sampled the
product gas through the double skimmers (two-stage, free-jet, molecular beam source), to
the electron-ionization (EI) source (Figure 4).

Figure 4: Schematic of the MBMS combined with a small furnace
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The sampled gas entered the ion source of the mass spectrometer and was ionized,
separated, and detected. Mass spectra from the data acquisition were then analyzed for
species of interest. All five liquors were used in the experiment. The main goal of this
experiment was to attempt to see intermediate species during combustion. Therefore,
random droplet properties and characteristics such as solids-content and droplet size were
used. The internal and surface temperatures, as well as the mass and the droplet size,
were not measured in this experiment.
4.1.3. ISP Experiment
The third experiment in the project investigated ISP formation. The objective of this
investigation was to quantify ISP formation during single-droplet black-liquor
combustion under laboratory conditions. ISP formation and ejection were recorded with
cameras during single droplet combustion. The ISP were separated and collected for
quantitative analysis. Scanning Electron Microscopy (SEM) was used to analyze the size,
shape, and morphology of the ISP. The effects of initial solids-content, droplet size, and
liquor type on the quantity of ISP were studied, based on the mass data obtained.
This experiment was performed mainly with a burner, with some runs done with the
furnace. Two liquor solids-contents, 50% and 70%, were used. Each of the ten liquors
(two solids-contents for each of the five liquors) provided data for this work. The 70%
solids-content is within the range relevant to industrial practice, and the 50% solidscontent allows a contrast for the investigation of the effect of solids-content on the ISP
formation. The selected solids-contents also lent themselves well to the droplet formation
and suspension techniques used in this work.
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Figure 5 shows a schematic drawing of the experimental setup designed and built for
this experiment. A single droplet, with dried mass of 5-10 mg, was suspended on a thin
wire or a K-type thermocouple wire (0.001” in diameter). For some experimental runs
with low solids-content liquors (50%), a bigger wire was used to simplify the droplet
formation and suspension process. The cold droplet was then exposed to the burner with
a flame temperature range of 900-1000 °C and gaseous oxygen content range of 5-7%.
For part of the experiment, a progressive scan, high-speed CCD camera recorded the
video of the combustion process with backlighting illumination at 60 frames per second.
Videos taken were reviewed frame by frame for the droplets burned. Frames that showed
ISP formation and ejection were saved in picture format. A water-cooled extraction probe
was placed above the droplet to sample ISP ejected. The probe was placed close enough
to the droplet to minimize the mass loss during the collection process, while not affecting
the normal combustion of the droplet. Two cyclones (Section 4.2.6), with cut-points of 20
µm and 5 µm respectively, separated the particles, and two glass fiber filters (1.6 µm pore
size) were used to collect the separated ISP. Fume particles passed through the cyclones
with essentially zero collection efficiency, allowing ISP to be experimentally
distinguished from submicron aerosols.
Examining five liquors with two solids-contents each resulted in 10 cases. At least
three replications were performed for each case, with slight differences in average initial
droplet size. For each case, about 40-50 droplets were burned. A total of 30 experimental
conditions and over 1300 individual droplet combustion tests comprise the database from
which these results are derived. The filters were weighed before and after each
experimental condition, not between each individual droplet test. The collected ISP mass
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was then divided by the total black-liquor-solids burned in the corresponding case. A 30
minute blank run without droplet burning was performed before each experimental case
to confirm that no significant mass from other sources (dust in the air, particles in the
sample lines, etc.) deposited on the filters. Scanning electron microscopy (SEM) provided
images with shape, size, and surface structure information for the ISP collected on the
filters. About four samples were cut from each filter for the SEM analysis to prevent
potential bias by non-uniform deposition on the filter.

Figure 5: Schematic of the ISP experiment
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4.2.

Experimental Equipment

In this section, detailed are explained for the main experimental equipment, including
the imaging system, the optical pyrometer, the furnace, the balance and the droplet
insertion/cooling device, and the cyclone separators.
4.2.1. Imaging System
The imaging system consisted of the scientific cameras, lenses, data acquisition
hardware, and a computer. The camera used in the ISP experiment was a high-speed
monochrome camera from Redlake. This camera was also used for part of the droplet
combustion experiment for measuring droplet size change. Another camera being used in
the droplet combustion experiment was a UNIQ UC-600. This camera was also used as
an optical pyrometer for droplet surface temperature measurement (Section 4.2.2). The
Redlake camera has recording rates varying from 60 to 8000 fps, with image resolution
compromised at the higher recording rates. Due to the light intensity required for high
recording rates, essentially only the minimum rate of 60 frames per second was used in
the project. The images recorded were acquired by the data acquisition hardware and
saved in the computer. Frame by frame review provided useful images for further
analysis. For the ISP experiment, the frames that showed the ejection of small particles
were selected. For the droplet combustion experiment, the frames that showed significant
diameter change were selected.
4.2.2. Optical Pyrometer and Color-Band Method
The optical pyrometer requires a multi-color detector and a recording device. A
typical imaging system setup block diagram is shown in Figure 6.
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Figure 6: A block diagram of the imaging system for optical pyrometry

The special technique here was the development of the color-band method for
calculating the surface temperature using the pixel intensity of the images recorded by the
cameras. The camera was first calibrated with a blackbody, as shown later in this
document. The use of a color camera, which usually has an RGB color pattern as
illustrated in Figure 7, produced by a three-primary-color filter on the sensor, allows all
the signals within the visible and near-IR portion of the light spectrum reaching the
camera detector to contribute to the measurement rather than just narrow regions.

Figure 7: A typical color pattern of a CCD/CMOS sensor
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There are two types of color patterns used in color CCD cameras but both have
twice as many total green sensors compared to red and blue in the color CCD and CMOS
chips. This is also the reason that cameras usually have two types of green sensors in the
camera chips. This color pattern with double green sensors is partly attributable to the
means of creating patterns of sensors on chips and mostly attributable to an attempt to
mimic the behavior of the human eye, which is roughly twice as sensitive to green and
has about twice as many green sensors compared to red and blue sensors. The detectable
wavelength range of the sensor and the spectral response curves of the sensor for each
color band are shown in Figure 8. The two green curves in the figure represent the
sensitivities of the two types of green sensors, which are almost identical. With the colorband method, no filters are needed and significantly greater signal-to-noise ratios are
achieved because three signals, red, green and blue are acquired simultaneously over a
wide range of wavelengths.
The color-band method, which is based upon Planck’s radiation law, measures the
relative radiant intensity in any two of the color bands, and relates this ratio to the
temperature of the source, assuming gray-body or known ratios of object surface
emissivities at the two color bands. In Equation (1), E(λ, T) is the emissive power per unit
wavelength at a specific wavelength, which is the product of surface emissivity and
blackbody radiation per steradian described by Planck’s law. A common misuse of the
Planck’s law is to attempt to calculate the amount of radiation at a given wavelength. The
amount of radiation at one wavelength is zero if the wavelength is defined at a point
rather than over a range. In Equation (1), C1 and C2 are the first and second radiation
constants, 3.742·108 W·µm4/m2 and 1.439·104 µm·K respectively, λ is the wavelength,
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and T is the temperature of the blackbody. The pixel intensity produced per unit
wavelength at a specific wavelength is the product of the emissive power, E (λ, T), and
spectral response, S (λ), at this wavelength. The total pixel intensity is obtained by
integrating this product from the lower wavelength limit to the higher wavelength limit
and multiplying the result by the lens and camera setting factor, where DN is the camera
pixel value, τ is the lens transmission factor, D is the lens diameter, d is the distance
between the object and the sensor, a is the pixel area, X is the magnification, and ∆t is the
camera exposure time.

Spectral Responsivity [(DN)/(nJ/cm^2)]
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Figure 8: Typical CCD or CMOS spectral responsivity curve (from [65])
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Emissivity is a function of temperature, wavelength, and direction of emission.
Possibly, the most significant advantage of the two-color-band method rests in assuming
gray-body behavior (constant emissivities at the wavelengths being used), allowing the
emissivity and all other linear scaling modifications to Equation (1) to be mathematically
eliminated, reducing the difficulty of estimating the temperature. With these assumptions,
the temperature can be calculated based on Equation (2). From Equation (2), two
temperatures can be obtained. With the lens and camera setting factor calibrated,
Equation (1) can be applied for each of the three color bands (Red, Green, and Blue), and
three other temperatures can be calculated based on the pixel intensity of the color band.
A total of five temperatures can be obtained. Furthermore, one (or the average) of these
temperatures can be used to estimate the surface emissivity if the temperature, pixel
intensity, and lens and camera setting factor are substituted back into Equation (1).
However, it must be pointed out that not all of these data are statistically independent,
although there are a total of five at least partially independent measurements and three
totally independent measurements among the five numbers. At low temperatures,
consistent with Plank’s law, the blue and green band signals are very weak, and only the
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red band collects a relatively detectable signal. In that case, there may be only one
temperature result, which is obtained by using the single-color-band (red) method.
However, a known emissivity is required.
4.2.3. Three-Dimensional Viewport Furnace
A furnace with viewports in three orthogonal directions was constructed (Figure 9).

Figure 9: A 3-D schematic of the constructed furnace

This furnace was cast with refractory and was designed to provide a high–heating-rate,
constant temperature environment for black-liquor-droplet combustion. The height of the
furnace is 12 inches, with inside and outside diameters of 4.5 and 6 inches, respectively.
There were six viewports built in three orthogonal directions (x, y, and z). On each axis
there were two viewports with collinear symmetry axes. One camera can be focused in
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each of the viewport pairs for imaging and pyrometry. The furnace was heated with four
electrical heating elements to a maximum temperature of 1400 °C. Hot gas passed
through the furnace from the bottom and exited at the top. One of the horizontal
viewports was used as the droplet injection port. The droplet and the ceramic insulation
rod were inserted, combining with the cooling jacket (Section 4.2.4). The furnace was
mounted on unit structure, and connected to a preheater on the other side. The
temperature was controlled by two sets of a 5-10 V controllers, a solid-state relay, and
110V AC power. Each set of the temperature controller monitors one pair of the Globar
Silicon Carbide SGR heating elements.
4.2.4. Balance and Droplet Cooling Jacket
The mass of the droplet during combustion was recorded using a high-resolution
analytical balance from Scientech, model number SA-310, with capacity of 310 g and
resolution of 0.1 mg. The mass data were transferred to the computer at a rate of 18 Hz
through the RS-232 connection. Software RsCom Version 2.4 from A&D Company
Limited was used to acquire and manage the mass data. The balance was timed with the
computer clock so that it could be synchronized with the data logger, which was timed
with the computer clock as well. At the beginning of the project, the balance was pushed
toward the furnace and the droplet with the thermocouple was inserted. This action
created significant fluctuations in the balance measurement, and the resulting mass data
were extremely unstable. Therefore a water-cooled jacket, shown in Figure 10, was
designed and constructed. This cooling jacket avoided having to move the balance, and
provided an environment of around 50 °C for keeping the droplet at low temperature
before it was heated by the furnace gas. The combination of the balance and the cooling
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coil provided potential for obtaining more stable mass data. The use of this cooling jacket
is shown schematically in Figure 11.

(a)

(b)

Figure 10: (a) A 3-D schematic of the droplet insertion and cooling jacket; (b) A
photo of the cooling jacket inserted in the furnace

Figure 11: Schematic showing operation of the cooling jacket

The cooling jacket was designed to fit into the furnace from one of the horizontal
viewports of the furnace. The cooling jacket crossed over the inside of the furnace and
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rested on the horizontal viewport in the opposite side. Before each experimental run, the
cooling jacket with the droplet suspended on a thermocouple and the ceramic insulation
rod which connected to the data logger on another side were inserted into the furnace.
After the data logger, the balance, and the imaging system were set, the cooling jacket
was pulled back. The hot furnace gas was thus allowed to reach the droplet, and the
droplet started to react.
4.2.5. Mass Spectrometer and Double Skimmers
MBMS required a heating source and a double skimmer interface to produce the
molecular beam, and a mass spectrometer to separate and analyze the ions produced. The
double skimmer interface used in the project, shown in Figure 12, came from the Center
for Microanalysis at the University of Utah. The two skimmers had nozzle sizes of 200
µm and 2 mm. The heating source was a small electrically-heated tube furnace that could
produce a maximum temperature of 1100 °C. An original Liquid Chromatograph Mass
Spectrometer (LCMS) was modified and rebuilt for the gaseous system. This machine
was also donated from the Center for Microanalysis at the University of Utah. The
original thermospray (TS) and electrospray (ES) ionization sources were replaced with
the electron ionization (EI) source donated from BYU’s Chemistry Department. Detailed
electrical wiring in the system was modified to adapt the new EI source. New data
acquisition software and computer hardware were purchased. This mass spectrometer
was mechanically rebuilt in order to couple with the double skimmer, which originated
from a different system. Precise measurement and drilling allowed the molecular beam to
line up with the heating source down to the ionization housing of the EI. Later in this
dissertation, a detailed description will be presented to show the modification and
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development progress of this MBMS experimental setup, which lasted more than 1.5
years.

Figure 12: Double skimmer interface used in the MBMS experiment

4.2.6. Cyclone Separator
Two cyclone separators, as shown in Figure 13, were used in the ISP experiment. The
design of these cyclone separators was by the biomass research group at BYU, and was
constructed by the BYU Precision Machine Laboratory. The large cyclone separator had
a cut-point of 20 µm, and the small cyclone separator had a cut-point of 5 µm. The
cyclone separators were proven to be able to separate particles with these two size ranges
in the ISP experiment and another biomass experiment. This feature became particularly
useful for the ISP experiment because the submicron size particles (fume) could pass
through the sampling system without being collected on the filters with the ISP. It was
thus possible to isolate ISP from other types of particles for analysis.
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(b)

(a)

Figure 13: (a) A photo of the two cyclones; (b) A photo of the two cyclones
mounted and installed
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5. RESULTS AND DISCUSSION: DROPLET COMBUSTION
The experimental measurements in the droplet combustion study of the project
include the droplet size and shape, interior temperature, surface temperature and
emissivity, and mass loss. This chapter presents representative data collected, along with
a detailed discussion of the results.
5.1.

Combustion Process Imaging and Droplet Swelling

Black-liquor-droplet combustion images recorded by the Redlake Motionscope
camera indicate droplet size and shape changes in environments relevant to recovery
boilers. Two samples in the following discussion illustrate typical results using a burner
rather than a furnace as the heating source. The droplets were suspended on
thermocouples and burned in air. A white background placed behind the droplet enhances
image contrast and resolution.
The first sample, illustrated in Figure 14 to Figure 16, shows the combustion of a 1
mm Liquor A droplet. Small degrees of swelling during drying (d/d0 = 1.43) can be seen
in the right image of Figure 14. Two subsequent images, shown in Figure 15, illustrate
much greater swelling than typically occurs during devolatilization. The images are
blurred due to the rapid changes of surface structure, but the large change in diameter is
very obvious. The droplet diameter increases about 3 times (d/d0 = 2.96) during this
swelling, and the droplet shape becomes highly irregular, especially in the right image of
Figure 15. The left image of Figure 16 shows the droplet shrinking, as typically occurs
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during char oxidation and smelt formation. As char reacts with oxidizers, the carbon
content of the droplet decreases and the inorganic content increases. As carbon is
completely consumed, the remaining inorganic material coalesces rapidly to form a small
smelt bead, as shown in the right image Figure 16. The entire combustion process occurs
in less than 5 seconds under these conditions (15% O2 at 1000 °C).

Figure 14: Left - original droplet (0 s); Right - drying in progress (2.3 s,
d/d0=1.43)

Figure 15: Left-devolatilization (3.1 s); Right-maximum swelling (3.3 s,
d/d0=2.96)
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Figure 16: Left - char burning in progress (3.8 s); Right - inorganic collapse and
end of combustion (4.7 s)

The group of images illustrated in Figure 17 to Figure 19 shows that Liquor B
behaves similarly, including swelling during drying (d/d0 = 1.18) and devolatilization
(d/d0 = 3.67) in better resolution. The droplet shapes in these images are more spherical
than those shown in Figure 15. However, this is not a consistent trend between the liquors.
Analysis of many such data indicates that the swelling shape is both unpredictable and
random.

Figure 17: Left - original suspended droplet; Right - drying ongoing (d/d0 = 1.18)
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Figure 18: Left - devolatilization ongoing; Right - maximum swelling (d/d0 =
3.67)

Figure 19: Left - char burning in progress; Right – end of char burning and smelt
collapse

Figure 20 summarizes results of two typical experiments conducted under similar
laboratory conditions except for furnace temperature. At high furnace temperatures, the
droplets start to swell earlier due to more heat and the higher heating rate available. At
lower furnace temperatures, swelling occurs later, but the degree of swelling is higher.
While the time and degree of swelling vary under similar conditions, these two trends are
consistent.
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Figure 20: Diameter data for Liquor A droplets burned in two temperature
conditions

A second series of experiments further examines the effects of furnace gas
composition and temperature on droplet swelling. The conditions were 700 °C and 800
°C in nitrogen and in air with 70% solids in liquors A, D, and E. Figure 21 shows an
example of data for Liquor A droplets reacting in the 700 °C and 800 °C furnace in air.
Similar data collected in nitrogen appear in Figure 22.
Comparison of Figure 21 with Figure 22 indicates the impact of local gas temperature
and composition on swelling. Droplets swell more in nitrogen (dmax/d0 = 1.8-2.1) than in
air (dmax/d0 = 1.7-1.8) under ambient gas compositions and both furnace conditions tested.
Experiments were repeated to produce evidence of repeatability and uncertainty. The
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statistical results are shown in Table 5. The overall swelling data of Liquor A droplets
appear in Appendix B.

Table 5: Maximum swelling data for 70 % solids Liquor A droplets
Liquor A

700 °C Air

800 °C Air

700 °C Nitrogen

800 °C Nitrogen

Average dmax/d0

3.51

2.93

3.83

3.08

0.796

0.727

0.792

0.927

10

8

7

6

±0.569

±0.608

±0.733

±0.972

Standard
Deviation
Number of
Replicates
95% Confidence
Interval for the
Mean
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Figure 21: Swelling data for Liquor A droplets reacting in air

50

4000

2.5

2

d/d0

1.5

1

700 C Nitrogen
0.5

800 C Nitrogen

0
0

1000

2000

3000

4000

5000

Time, ms

Figure 22: Swelling data for Liquor A droplets reacting in nitrogen

Table 5 indicates that droplets swell more in nitrogen (dmax/d0 = 3.08-3.84) than in air
(dmax/d0 = 2.93-3.51) at the two furnace temperatures tested. The table also shows that
droplets swell more at 700 °C (dmax/d0 = 3.51-3.84) than at 800 °C (dmax/d0 = 2.93-3.08)
in both air and nitrogen. Similar swelling studies on two other liquor samples confirm
these effects of gas and temperature, and examine liquor-to-liquor difference in swelling.
Softwood/hardwood mixed liquors, liquors D and E, were chosen for the investigations
since Liquor A is a softwood liquor. The results of these tests appear in the following two
tables.
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Table 6: Maximum swelling data for 70% solids Liquor D droplets
Liquor D

700 °C Air

800 °C Air

700 °C Nitrogen

800 °C Nitrogen

Average dmax/d0

3.17

2.84

3.40

3.04

0.809

0.852

0.771

0.642

15

13

11

12

±0.448

±0.515

±0.518

±0.408

Standard
Deviation
Number of
Replicates
95% Confidence
Interval for the
Mean

Table 6 shows the results for Liquor D droplets. These results indicate the same
trends that Table 5 shows. Droplets swell more in nitrogen (dmax/d0 = 3.04-3.40) than in
air (dmax/d0 = 2.84-3.17) at both 700 °C and 800 °C; and more at 700 °C (dmax/d0 = 3.173.40) than at 800 °C (dmax/d0 = 2.84-3.04) in both nitrogen and air. The results also
indicate that liquor type impacts swelling factor. Comparison of the two tables suggests
that Liquor A droplets swell more than Liquor D droplets under all the conditions tested,
especially at 700 °C in both air and nitrogen. At higher temperature, 800 °C, this effect is
not as obvious. The results for Liquor E droplets, as shown in Table 7, show the same
trends again. The degree of swelling for all cases is lower for Liquor E droplets (dmax/d0 =
2.39-3.06 in air and 2.82-3.20 in nitrogen) than the other two liquors tested.
All the results are graphically shown in Figure 23. The primary reason for more
swelling in nitrogen than in air, and less swelling at higher furnace temperatures, is the
difference in heating rate. Higher furnace temperatures heat the particles faster than low
furnace temperatures. In oxidizing environments, the droplet has a surrounding volatiles
flame which increases heat transfer to the droplet and so increases the heating rate. No
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such thing happens in inert environment. Also, the overlap of devolatilization and char
oxidation in air may be a minor factor. When the droplet is swelling during
devolatilization, part of the droplet surface starts oxidation. The oxidation process
consumes some of the carbon and so part of the droplet surface is actually shrinking
when the lower temperature part of droplet is still swelling. This explanation may apply
to the lower degree of swelling at the higher furnace temperatures, since oxidation is
enhanced at higher temperatures, although the effect may not be very significant due to
the slow oxidation rate. In addition, these data show that liquors D and E swell less than
Liquor A. This is consistent with some literature that softwood liquors swell more than
hardwood liquors or softwood/hardwood mixed liquors under similar conditions [13].

Table 7: Maximum swelling data for 70% solids Liquor E droplets
Liquor E

700 °C Air

800 °C Air

700 °C Nitrogen

800 °C
Nitrogen

Average dmax/d0

3.06

2.39

3.20

2.82

0.797

0.652

0.776

0.846

13

10

11

10

±0.482

±0.466

±0.521

±0.605

Standard
Deviation
Number of
Replicates
95% Confidence
Interval for the
Mean
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Figure 23: Maximum swelling data for the three liquors tested with the two
furnace gas temperatures and compositions (with 95% confidence
intervals)

It is noted that experiments that produced highly irregular droplet shapes were not
included in the analysis because the definition of their diameters becomes arbitrary. The
combination of swelling and mass loss, shown in Section 5.4, indicates that many of the
droplets experience bulk density decreases of two orders of magnitude or more during
devolatilization. Also, the results of statistical tests (linear regression) indicate that the
effects of liquor type, furnace gas temperature, and furnace gas composition are
significant (with coefficients larger than zero), even though the 95% confidence internals
are relatively large. The effect of the furnace gas temperature is the most significant
among the three factors. These statistical test results can be found in the appendix.
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5.2.

Temperature Distributions

The thermocouple that suspended the droplet monitored the temperature change
inside the droplet during combustion, while a camera provided surface temperature
information and images. In this section, the internal temperature results, the camera
testing results, and the surface temperature results are presented.
5.2.1. Droplet Interior Temperature Data
It is noted that there is no way to control the precise location of the thermocouple tip
during these experiments. The viscous and rapidly swelling shifts the droplet on the bead
substantially and in random ways. Therefore, the results are regarded as internal
temperatures rather than center temperatures. As will be shown, the measured internal
temperatures generally are lower than the measured surface temperatures. Droplet
internal and external temperatures depend strongly on gas composition. In the absence of
oxidation, droplet interior and exterior temperatures stabilize near the furnace gas
temperature, which is essentially the same as the furnace wall temperature. This trend can
be seen in Figure 24 - Figure 28. These five figures show the internal temperature results
of the five black liquors used in the project for the three furnace temperature conditions
studied. The droplet size in this experiment was controlled within the range of 1-5mm,
with 70% solids. Each curve in each figure represents the average of the results of several
runs with identical conditions. Data were collected sequentially for each liquor type, so
comparisons within figures are more reliable than comparisons between figures. However,
comparisons among these five figures provide meaningful indications of droplet behavior
despite minor changes in liquor preparation methods, droplet size and formation methods,
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thermocouples, and furnace conditions. The first figure (Figure 24) presents the results of
Liquor A droplets.
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Figure 24: Internal droplet temperature data for 70% Liquor A droplets heated in
nitrogen

As shown in Figure 24, the temperature first increases almost to the boiling point of
water, and then slows slightly, signifying the drying process in the droplet. This can be
seen most clearly by the slight plateau on the 700 °C temperature curve at a residence
time of 1 second. The droplet then heats up to the point of devolatilization, although the
devolatilization region can not be determined solely from the temperature curves. During
devolatilization, the droplet temperature increases rapidly as the volatiles production
reduces droplet mass. Finally the droplet temperature reaches the furnace gas
temperature. This process was similar at each of the three furnace conditions. The only
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difference was that the drying process and the devolatilization process at lower furnace
temperatures took longer. At the highest furnace temperature, 900 °C, drying almost
overlapped devolatilization, largely eliminating the plateau on the temperature curve.
Similar trends are shown in Figure 25 - Figure 28 for liquors B, C, D, and E,
respectively. The solids-content of liquor C (50%) was different from the other liquors
(70%). The trends of the resulting internal temperature data for liquor C, however, are not
significantly different from others. Thus, the solids-content of the liquor does not appear
to qualitatively impact the shape of the droplet temperature history. It may only change
the droplet drying and devolatilization durations. However, a larger droplet size would
compensate for this effect. Figure 26 did not show the droplet burning faster since larger
droplets (about 2 mm) were used for the 50% liquor to end up with similar amounts of
black-liquor-solids.
Almost all the data indicate a slight temperature overshoot relative to the furnace
temperature. The droplet would not likely have a temperature higher than the surrounding
temperature in an oxidizer-free environment. This overshoot of droplet temperature may
arise from residual oxygen in the furnace and possibly the original oxygen in the liquors
reacting with the char of the droplet. This oxidation reaction is so small that it only
increases the droplet temperature slightly. Among the five figures, this temperature
overshoot happened more significantly on Liquor A in the 700 °C condition (Figure 24),
Liquor B in the 700 and 900 °C conditions (Figure 25), Liquor C in the 800 and 900 °C
conditions (Figure 26), Liquor D in the 700 and 900 °C conditions (Figure 27), and
Liquor E in all temperature conditions (Figure 28). However, the overshoot is far below
that observed when the droplets burn in air.
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Figure 25: Internal droplet temperature data for 70% Liquor B droplets heated in
nitrogen
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Figure 26: Internal droplet temperature data for 50% Liquor C droplets heated in
nitrogen
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Figure 27: Internal droplet temperature data for 70% Liquor D droplets heated in
nitrogen
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Figure 28: Internal droplet temperature data for 70% Liquor E droplets heated in
nitrogen
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Droplet reactions in air (oxidizing environments) differed qualitatively in a few
respects from reactions in nitrogen (inert) environments. Only liquor B results appear
below. Figure 29 summarizes droplet behavior in oxidizing environments.
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Figure 29: Internal droplet temperature data for 1.5 mm Liquor B droplets burned
in air

Each curve represents the average of four or more replicate experiments. During
simultaneous oxidation and gasification, the maximum internal temperature exceeded the
furnace gas temperature by several hundred degrees. The temperature decreased as
carbon burned out, with the residual smelt ultimately reaching the gas temperature. These
data also indicate that the maximum temperature increased slightly with increasing
furnace gas temperature, although the difference between the peak particle temperature
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and the gas temperature decreased with increasing gas temperature. Drying,
devolatilization, and char burning were all faster at higher furnace gas temperatures and
generally faster under oxidizing conditions than under inert conditions at the same gas
temperature. The surrounding volatiles flame in air and the highly exothermic char
oxygen reactions increased droplet temperature and heating rate, and which is thought to
be the dominant reason for the differences seen in these figures.
The internal temperature data reveal the effects of furnace gas temperature and
composition on the droplet reaction, with relatively minor liquor-to-liquor differences. A
potentially important issue revolves around the interior temperature gradient. The
following section discusses the surface temperature data required to evaluate this gradient.
5.2.2. Droplet Surface Temperature Data
More than five imaging CCD or CMOS cameras were tested, and four of them were
tried for color-band optical pyrometry use. The five cameras tested were the SONY
3CCD, the Redlake Motionscope, the EPIX SV2112 CMOS, and the Redlake ES 1.0. The
SONY 3CCD camera was not sensitive enough. The Redlake Motionscope was a
monochrome camera which could not be used with the color-band method. The EPIX
SV2112 CMOS worked well but was not sensitive enough for detecting lower
temperature range. The Redlake ES 1.0 was the most sensitive camera but was
prohibitively expensive. Camera and sensor performance is rapidly increasing and future
applications of this technique will undoubtedly make use of higher performance systems.
In this dissertation, the camera results for the EPIX SV2112 CMOS are shown. Also
some images of burning droplets were taken with the UNIQ camera from the BYU
Mechanical Engineering Department. With the same color-band method, they have been
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using this UNIQ camera for measuring flame (soot) temperatures in a diesel engine [66].
With their camera and assistance, the surface temperatures of some burning droplet were
calculated, with a measurable temperature range of 1000-1800 K.
Figure 30 presents a parity plot of predicted vs. measured blackbody temperature
using the EPIX camera.
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Figure 30: Camera testing results for the EPIX camera with the random pixel
selection method

In this figure, the ordinate represents the temperature predicted by the color-band
method with the ratio of the red/blue pixel intensities, while the abscissa represents the
measured blackbody temperature. The line represents the parity line, that is, the location
where these two values are in agreement. Randomly chosen pixels were used to calculate
the temperatures and compare them with the measured blackbody temperatures. The
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figure indicates that the predicted temperature curve was very close to the measured
blackbody temperature curve, and that such agreement does not require calibration. In
this test, randomly selected pixels provided the temperature. There is uncertainty in this
measurement arising from, among other things, varying sensitivity of the pixels in the
camera sensor. Thus, the temperature calculated with this random pixel selection method
may not be reliable.
Another camera test was performed with a slightly different procedure. Instead of
randomly selected pixels, a random area of pixels was taken from each image. The
resulting intensity became the average of the pixel intensities of the selected area of the
image. This method was thought to be more statistically stable because there were so
many pixels in the image that random errors could not strongly impact the results. The
test results with this pixel selection method, shown in Figure 31, were different from
those shown in Figure 30.
All the calculated temperatures, as shown in the figure, were predicted to be lower
than the experimental blackbody temperatures, although less than 5% in difference. This
difference was acceptable within the measurable temperature range of 900-1400 K. The
reason that the calculation under predicted the blackbody temperature might be the
unknown dark current (dark frame) of the camera or the unpredictable intensity loss from
the blackbody to the camera sensors. It is noted that none of these results are calibrations
but rather first-principle predictions compared to measurements with no adjusted
parameters.
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Figure 31: Camera testing results for the EPIX camera with the random area
selection method

Some droplet burning images were taken with the UNIQ camera. The camera spectral
response curves were determined experimentally by research colleagues in the
Mechanical Engineering Department, who also developed the MatLab-based analysis
program used here. The red/blue ratio was used for calculation here again because of the
relatively larger signal-to-noise ratio. The results are shown in Figure 32 and Figure 33.
These two images were 0.26 second apart, and were taken with exposure time of 2 ms
and recording rate of 30 frames per second.
Figure 32 shows the droplet devolatilizating. A burning soot cloud surrounds much
of the droplet, although surface features are clearly evident. The upward furnace natural
convection transports much of the soot toward the top of the particle, where it is most
evident in the photograph, although a smaller soot cloud is also seen at the bottom. The
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temperature map shows that the calculated soot flame temperature was much higher than
anywhere on the droplet surface. A small portion of the droplet, located at the bottom left,
exhibits a higher temperature than much of the rest of the particle, presumably because it
is exposed to higher oxygen concentrations because of the convection current and
therefore reacts (and generates heat) faster.

(a)

(b)

(c)
Figure 32: Surface temperature and emissivity distributions of the first of a series
of two images of a burning droplet (in 700 °C air) – devolatilization
and soot cloud. (a) visible image, (b) emissivity, (c) temperature

65

After 0.26 s, the flame around the droplet disappeared, as shown in Figure 33b. The
whole droplet was undergoing char burning by this time, and the overall surface
temperature was higher than that shown in Figure 33.

(b)

(c)

Figure 33: Surface temperature and emissivity distributions of the second of a
series of two images of a burning droplet (in 700 °C air) – char
burning without flame. (a) temperature, (b) visible image, (c)
emissivity
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It is interesting that holes in the char particle that are perceptible in the earlier image
are more pronounced in this image, possibly due to the carbon depletion and pore size
increase, or possibly due to surface forces associated with a general particle shrinkage.
The surface temperature map shows that the temperature inside the hole was calculated to
be more than 400 K cooler than the droplet surface nearby, consistent with the
expectation that oxygen concentrations are lower in such regions, and confirming the
presence of relatively large interior temperature gradients. The data reduction from this
diagnostic also provides emissivity information. As shown in the figures, the high
temperature thin soot clouds had low emissivities, and the low temperature holes had
high emissivities. This information corroborates the interpretation of the temperature data
above.
5.3.

Mass Measurement

Dynamic, in situ, mass measurements present many laboratory challenges because of
the small mass, rapid and small change in mass, relatively large perturbations caused by
drag and other forces on the drop, and the hostile environment.
5.3.1. Mass Data From the Balance
For the experimental setup developed, the balance had to be able to measure the mass
from a horizontal direction. With the four constraints mentioned, such a perfect balance
was not found on the market. A balance with high resolution and capacity was chosen for
this experiment. The method of extending a horizontal arm from the balance to measure
the change of the weight at the end of the arm was tested with acetone evaporation.
Figure 34 summarizes the results of these tests. About 30 mg of acetone was placed on a
small basket and allowed to evaporate naturally. The tests with the basket hanging on an
67

extended arm, as shown with red dots in this figure, gave mass loss rate similar to the
tests with the basket directly placed on the balance, as shown with blue triangles in the
figure. The relatively larger deviation happened at the end of the evaporation test. This
might be because the mass residue was getting closer and closer to the balance resolution
limit. Based on these test results, the use of the extended arm method was supported in
the project, at least for the mass range tested. While there is a potential systematic error
introduced, it is relatively small compared to other uncertainties when dealing the liquor
droplets, and was considered acceptable for the purposes of this project.
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Figure 34: Results of the acetone evaporation tests

The temperature data above indicate that the liquor-to-liquor difference of heating
and reacting of droplets may not be significant for small droplets. Thus, the focus here is
on liquors B, C, and E, with Liquor C being the most commonly selected. The droplet
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size was controlled to be about 1.5 mm in diameter, and all droplets had about 70%
solids-content. The initial mass of such droplets was approximately 20-30 mg in wet
basis, and the non-reacting ash content of the droplets should be around 10-20 wt% of the
initial wet droplet mass. Sub-milligram resolution is therefore required to track mass loss
for such small droplets. The results of these tests appear in Figure 35.
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Figure 35: Mass data for 1.5 mm Liquor C droplets burning in air

The data shown in Figure 35 are the most representative data under similar
experimental conditions. Each curve represents the mass loss of droplets at different gas
temperatures. The transition through different combustion stages (drying, devolatilization,
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and oxidation) can barely be resolved with these mass data. As shown in the figure, the
droplet mass first decreased slowly. This represents the water evaporation in the droplet.
The subsequent rapid mass change corresponds to the devolatilization, with char burning
overlapping devolatilization. At 5-7 s, the droplet reaches the end of oxidation. The mass
readings develop some instability near the end of the experiment. Combustion-induced
and natural convection currents in the furnace each play a role in this instability, as the
drag forces induced by such currents are fairly complex. For example, based on relative
particle and furnace temperatures, the currents start in the downward direction, are in the
upward direction at peak particle temperatures, and at the end should be nearly neutral
except for residual currents in the reactor. The images from Section 5.1 also show that the
droplet was spinning and changing position on the thermocouple during combustion, and
the flame around the droplet during devolatilization tended to create noise in the mass
reading. The fact that the residual mass is near the balance’s resolution limit is an
additional factor.
Additional experiments were performed with liquors B and E. The representative
results appear in Figure 36. The qualitative information that can be drawn from these
results is the effect of the furnace gas temperature on the rate of droplet mass loss. Higher
furnace gas temperature increases the mass loss rate of the droplet, as expected. Also, the
different combustion stages are more difficult to resolve with the mass data at higher
furnace temperature, presumably because of the higher degree overlap of the combustion
stages, especially the overlap of devolatilization and char oxidation.
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Figure 36: Average mass data for different liquors burning in air

5.3.2. Mass Loss Estimation with the MBMS Data
This section presents the discussion and analysis of the data, as well as the limitations,
of the MBMS studies in this project. The information of interest here includes the alkali
intermediate species and the product off-gas in addition to an independent means of
estimating mass loss.
The mass spectrometer used in the project had the following main components: an
electron ionization (EI) ion source, a series of lenses, a quadrapole magnet, an ion
accelerator, an electron multiplier, and a detector. Modifications and replacements were
performed on almost all of these parts, as well as the vacuum system and the wiring of
the machine, culminating in the effective construction of an MBMS system from parts
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available from relatively routine mass spectrometers. Detailed descriptions of the system
modifications appear in Appendix A of this dissertation.
With the chamber pressure at 10-6 torr, the system could provide maximum resolution
and signal-to-noise ratio. This maximum resolution was approximately 1 amu, except at
peaks with a very high intensity signal where the resolution was slightly worse. Figure
37 shows a spectrum of the tuning program at an operating pressure of 10-6 torr.

Figure 37: MBMS spectra of air, illustrating the resolution of the mass
spectrometer

This spectrum of air present in the mass spectrometer illustrates that the resolution of
each peak is around 1 amu. The highest peak at 27 amu is for nitrogen, the most abundant
species. Part of the nitrogen is fragmented and has a peak at 14 amu. Oxygen produces a

72

peak at 32 amu. The peak at 16 amu is possibly the fragmented oxygen. Small amounts of
water appear at 18 amu as well. Carbon dioxide, however, is not detected with a peak that
should appear at 44 amu.
Experiments were performed by burning droplets in a small furnace above the
entrance to the first skimmer. From the spectra obtained, off-gas concentrations of CO2,
O2, and H2O were monitored as a function of time. Time-resolved spectra of alkali
species were also attempted. Figure 38 shows a plot of the normalized peak intensities of
CO2 and H2O as a function of time during an experimental run. These data were collected
with a high-scan rate. The noise of the curves in the figure is slightly significant.
However, this figure still indicates the characteristics of black-liquor-droplet combustion.
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Figure 38: High scan rate of MBMS traces of water and carbon dioxide during
combustion of a droplet in air at 900 °C (oxygen is not shown here)
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First, liquid water is vaporized. This is indicated by the line representing water in
Figure 38, with a peak at 2.5 s. The drying stage is not as pronounced in the drier liquors
as it is for the wet liquors. After the drying stage, the amount of water vapor produced
from the droplet decreases exponentially to the baseline. Most or the entire droplet is dry
by the time the major CO2 peak occurs, but organic hydrogen is preferentially released
during early devolatilization and would typically be analyzed as water by the MBMS.
During the late stages of char oxidation, there is a negligible amount of water released
from the burning droplet. After the drying stage, devolatilization releases a large amount
of volatiles, with some overlap between drying and devolatilization. Devolatilization is
represented by the spikes in the carbon dioxide curve at about 3.5 s and 4.5 s. After
devolatilization follows char burning. During this stage, there is a gradual decrease of
CO2 detected. This suggests, consistent with expectations, that the residual char is
depleted in both oxygen and hydrogen relative to the initial fuel. As a solid mass, the
particle no longer has drastic changes in shape and is permeated with smelt. The reason
for the slow decrease in CO2 concentration is probably related to the decreasing
accessibility of char surface to oxygen as the fraction of smelt in the droplet increases. As
char burning ends, the CO2 peak decays to the baseline. The overlap of the combustion
stages can be seen from the data. A purely sequential process would have resulted in a
drop in total mass detected between drying and devolatilization and no CO2 emission
during drying. The data clearly indicate that the processes overlap and portions of the
droplet begin devolatilization before the center has completely dried.
Another set of data obtained at a slow-scan rate appears as Figure 39. In this figure,
similar trends can be seen. The water trace does not increase as significantly as in the
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previous example because of the higher solids-content of the liquor being used. It is also
possible that some of the moisture released initially was missed due to the slow scan rate.
The CO2 concentration increases rapidly and then decreases slowly. The overlap of
drying and devolatilization is also clear from this figure.
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Figure 39: Low scan rate of MBMS traces of oxygen, water, and carbon dioxide
during combustion of a droplet in air at 700 °C (oxygen is not shown
here)

All five liquors were analyzed in the MBMS experiment. The results did not show
significant differences among the experimental runs. Essentially, CO2, H2O, and O2 are
the dominant species monitored. The tiny differences in these off-gas concentrations
among the small individual droplets from different liquors may not be significant enough
for the system to detect. No alkali intermediates could be identified in any spectrum. The
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reasons might be the tiny concentration of these species from a single droplet, the age of
the machine, the limitation of the resolution of the quadrapole, possible misalignment of
the double skimmer, and the constraints of the vacuum system.
With the limited data obtained, however, new information was developed. The total
droplet mass loss relates to the water and carbon dioxide concentrations detected by the
system. The mass loss of the droplet can be calculated from the water evaporation and the
carbon release as carbon dioxide. Thus from the MBMS traces of water and carbon
dioxide concentrations, the droplet total mass loss can be calculated. The primary
assumptions are that the liquor contains 35 wt% carbon and 30 wt% moisture originally,
and that the remaining 35 wt% of the mass is ash and does not lead to any mass loss. Also,
the MBMS data require synchronization with the mass loss data. Synchronizing the
MBMS and the mass loss with real time is insufficient to complete this task since it
requires some time for the gases to flow to the MBMS sampling port and additional (very
little) time to flow through the sample collection and analysis system. This provides an
essentially constant offset to the MBMS data relative to the data from the balance. The
data below use the 50% mass loss point as a calibration to determine this offset. That is,
the time at which the MBMS data record 50% mass loss is equated to the time at which
the scale records 50% mass loss and all other MBMS data are adjusted accordingly. With
all these assumptions, the droplet mass loss was calculated as shown in Figure 40 and
Figure 41.
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Figure 40: Droplet mass loss prediction from MBMS data in the 700 °C furnace

Figure 40 shows the normalized mass fractions of the droplet, H2O and CO2. This
experiment was performed at a low furnace temperature of around 700 °C. From the
figure, the drying stage possibly ends as the H2O curve approaches zero at around 5 s.
The residual H2O tail represents water formed during devolatilization. Carbon release
starts at 3 s and ends at 9 s. The total mass loss also ends at 9 s and m/m0 approaches the
ash concentration of 35%. The predicted m/m0 was then scaled so that the mass change
between the initial and final masses is identical to that of the balance mass data in Section
5.3. The predictions were also presented in an ash-free basis since the balance data could
never show an exact mass of ash residual. Figure 41 shows the comparison of the scaled
predictions and balance data.
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Figure 41: Comparison of mass loss between the balance data and the MBMS
prediction for the low furnace temperature condition (700 °C)

The data used here are the mass data from Figure 36. The balance data for droplets
burning at 700 °C furnace temperature were selected here because the MBMS data were
also obtained with the 700 °C furnace. These two curves correspond reasonably well for
the first 6 s. The slopes of the two curves, as well as the slope change, are very close to
each other with less than 10% difference in average. After 6 s, the balance data became
unstable, without reaching the expected ash content of 10%, and the MBMS data was
ended.
Another MBMS experiment was performed at a higher furnace temperature of 900 °C,
and the results are shown in Figure 42.
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Figure 42: Droplet mass loss prediction from MBMS data in the 900 °C furnace

At the high furnace temperature, everything starts and ends faster relative to what
Figure 40 shows. Drying starts right at the beginning and ends at 4 s. With a steeper slope,
the rate of carbon release and burning are higher in this case. The total mass loss curve
was compared with the balance data from Figure 36, as well (see Figure 43). Again the
MBMS prediction matches the trend of the balance data, at least for the first three
seconds. The slope of the balance data is slightly steeper than that of the MBMS
prediction, with close to 10% difference. This may be because of the different
experimental setups and methods. The balance data and the MBMS data were obtained
using two different furnaces. Also the inorganic portion of the liquor was excluded in the
MBMS experiment. All of these factors would cause deviation between the balance data
and the MBMS prediction.
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Figure 43: Comparison of mass loss between the balance data and the MBMS
prediction for the high furnace temperature (900 °C)

The oxidizing environment from which the MBMS data were obtained complicates
the relationship between the MBMS data and overall mass loss. Moisture in the droplets
vaporizes and is measured as H2O, but organic hydrogen devolatilizes and forms a variety
of compounds all of which eventually report to the MBMS as H2O but with unknown
fractions of atmospheric vs. organic oxygen. Therefore, all of the vaporized water and
something less than the total mass of water emitted during devolatilization represents
mass loss from the particle since some of the latter water mass comes from the local
atmosphere rather than from the droplet. Similarly, the early pyrolysis products include
many carbon-containing products all of which eventually report to the MBMS as CO2.

80

Some of the oxygen in this CO2 comes from the droplet and some from the local
atmosphere, with undoubtedly decreasing fractions coming from the droplet as pyrolysis
and char oxidation proceed.
Two approaches potentially help resolve the issue mentioned above, neither with
completely satisfactory results. Experiments in inert environments provide data in which
all oxygen comes from the droplet. Converting these data to fully oxidized species allows
us to determine the ratio of droplet mass loss to mass of fully oxidized species as a
function of burnout. This curve can be used to compute the droplet mass loss from the
measured species data under oxidizing environments. The calibration curve during the
oxidation stage (where there is no mass release in an inert environment) assumes that
only carbon comes from the droplet or the particle. This analysis depends critically on the
assumption that the ratio of mass loss to fully oxidized mass measured is a universal
function of burnout for water and CO2. This assumption is plausible but not demonstrated
in this project due to the limitation of the equipment.
The second approach is to represent the mass loss on an oxygen-free basis. This
allows better comparison of the MBMS data with the predicted mass loss data, if the
latter contain sufficient chemical speciation information to allow conversion to an
oxygen-free basis. However, it does not allow the MBMS data to be compared with the
mass balance data because there is not possible to convert the data from the mass balance
to an oxygen-free basis independent of the MBMS data.
In summary, the MBMS has been demonstrated successfully on single suspended
black-liquor droplets. This is the first attempt of this type of experiment on suspended
droplets. The results provide the concentration traces of combustion product off-gas such
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as O2, H2O and CO2. Due to the limitations of the system, no alkali species were detected.
The droplet mass loss was predicted from the MBMS data and compared with the balance
data obtained from the droplet combustion experiment. The resulting predictions match
well qualitatively with the balance data, both at high and low furnace temperatures.
5.4.

Simultaneous Measurements

The measurements of black-liquor-droplet diameter (images), interior temperature,
surface temperature and emissivity distributions, mass, and off-gas composition were
performed simultaneously or, in some cases, performed separately on similar droplets
such that they could be examined as simultaneous measurements. The synchronization of
all the experimental devices was a challenge and proceeded step by step. The
simultaneous diameter (images) and interior temperature data are presented first. The
simultaneous diameter (images), interior temperature, and mass data are presented next.
Finally simultaneous diameter (images), interior temperature, surface temperature and
emissivity distributions, and mass data are discussed. The MBMS data was in all cases
collected separately but under similar conditions and is superimposed on appropriate
plots.
5.4.1. Simultaneous Size and Internal Temperature
Figure 44 to Figure 46 illustrate the consecutive images of a 1 mm black-liquor
droplet heated over a 700 °C burner. The oxygen content of the gas in this run was very
close to 21%. The measured diameters match the droplet internal temperature data
measured with the thermocouple, as shown in Figure 47.
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Figure 44: Left - initial droplet (0 s); Right - drying and devolatilization (1.35 s)

Figure 45: Left–devolatilization (2.05 s); Right-devolatilization and char burning
(2.15 s)

Figure 46: Left - late char burning (2.3 s); Right - inorganic smelt coalescence
(2.65 s)
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Figure 47: Simultaneous internal temperature and diameter data

The diameter and temperature data in Figure 47 indicate that the peak diameter occurs
during the late stages of devolatilization (rapid heating), with the droplet shrinking
substantially with the onset of oxidation. The maximum diameter occurs at an interior
temperature around 700 °C. In Figure 45, the maximally swelled droplet had a very
bright surface where char and soot burning might be in progress. Typical char burning
temperatures exceed 700 °C. The temperature ultimately equilibrated near the furnace
temperature. The last image (Figure 46, right) illustrates that the particle (not a droplet
anymore) moved its position above the thermocouple bead. Thus the thermocouple may
actually have been detecting the furnace gas temperature.
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5.4.2. Simultaneous Size, Internal Temperature, and Mass
Mass data are superimposed on the diameter and internal temperature data in Figure
48. It is noted that there are three sets of data shown together in one graph. The
temperature scale is on the left y-axis. The scales for the diameter and mass data appear
on a single ordinate on the right. The mass data are multiplied by a factor of 3 to
accommodate the range of the diameter data.
Figure 48 shows the simultaneous diameter, temperature, and mass data of a liquor E
droplet with a mass of about 15 mg burning in 700 °C air.
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Figure 48: Simultaneous diameter, internal temperature, and mass data for a 15
mg black liquor E droplet in 700 °C air
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The diameter and temperature data are similar to those shown in Figure 47, with the
maximum temperature slightly over 1000 °C. The diameter and the temperature data can
be used to better understand the mass data. In the figure, the mass curve can be broken
into two parts. The first part is from zero to about 2.4 s, and the second part is from 2.4 s
to about 7.6 s. The slope of the first part of the mass curve, which represents drying of the
droplet (indicated by the diameter and the temperature curves), is relatively less steep
than the slope of the second part of the mass curve, which represents devolatilization and
char burning (also indicated by the diameter and the temperature curves).
Another example is a bigger droplet, 20 mg of mass, burned in 700 °C air. The results
are shown in Figure 49.

1400

4
Mass

3.5
3

1000

2.5
Temperature

800

2
600
1.5

Diameter

400

d/do, 3*m/mo

Internal Droplet Temperature, ºC

1200

1

200

0.5

0

0
0

2

4

6

8
Time, s

10

12

14

Figure 49: Simultaneous diameter, internal temperature, and mass loss data for a
20 mg black liquor E droplet in 700 °C air
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The trends of the three curves are similar to those in Figure 48. The difference is that
all three curves are delayed slightly due to the bigger size of the initial droplet. In this
figure, the drying stage lasts from 0 to 3.2 s, and the devolatilization and char burning
overlap ranges from 3.6 to 11 s. The temperature curve in this example has a small flat
region from 7.2 to 8.4 s. This may be due to the droplet movement on the suspension
thermocouple. The diameter curve shows a corresponding increase in that region as well.
This indicates that some part of the droplet may start swelling and devolatilizing while
another part of the droplet is undergoing char burning. The mass curve also starts
becoming unstable and giving negative readings at the end.
When a larger droplet, 30 mg of mass, was burned under similar conditions, the
hypothesis mentioned above is further confirmed. As shown in Figure 50, the flat region
on the temperature curve at around 1000 °C lasts even longer, from 4.4 to 6 s. The
diameter and the temperature curves, as well as the mass curve, are matched fairly well
for droplet drying from 0 to 2.4 s. Then the droplet starts to devolatilize, and both the
diameter and the temperature increase. A small portion of the droplet might start drying
and devolatilizing, while another part is oxidizing, and possibly some carbonates are
decomposing at around 1000 °C from 4.4 to 6 s. The previously analyzed temperature
data suggest that three-dimensional variations in oxidation rate, and possibly the extent of
devolatilization, may exist.
Similar experiments were performed repeatedly with different liquor types and a
higher furnace temperature of 800 °C. Representative results appear in the following two
figures. Figure 51 shows the results of a 22 mg Liquor D droplet burning in 800 °C air.
The liquor type and the furnace temperature do not seem to have significant impacts on
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these profiles. The mass curve appears to have a steeper slope, as expected. This indicates
that under higher furnace temperatures the droplet mass changes more rapidly, as
expected. The temperature curve also reaches a higher maximum temperature (over 1200
°C). The same observation was discussed earlier regarding the internal temperature and
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Figure 50: Simultaneous diameter, internal temperature, and mass loss data for a
30 mg black liquor E droplet in 700 °C air
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Figure 51: Simultaneous diameter, internal temperature, and mass loss data for a
22 mg black liquor D droplet in 800 °C air

The last set of data is presented in Figure 52. It is a replicate experiment of a 26 mg
Liquor D droplet burning in 800 °C air. The diameter curve has an unexpected increase
with a peak near 8.4 s, maybe due to the remaining particle moving on the thermocouple.
This would shift the projected view of the particle which changes the effective particle
diameter if the particle is not symmetrical.
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Figure 52: Simultaneous diameter, internal temperature, and mass loss data for a
26 mg black liquor D droplet in 800 °C air

5.4.3. Simultaneous Size, Internal/Surface Temperatures, and Mass
Finally the simultaneous data of diameter, internal and surface temperatures, and
mass were obtained. One example is shown here, and another example with a different
furnace condition is shown in Appendix C, with the uncertainty calculations of one of the
image. The selected visible (RGB) images are shown next to the corresponding surface
temperature and emissivity maps. The mean droplet surface temperature, the internal
temperature, the d/d0 ratio, and the m/m0 ratio are then plotted.
The first data set corresponds to a 700 °C furnace in air. Figure 53 shows the droplet
undergoing drying. The bottom of the droplet starts to ignite at this time. This image was
recorded about 1.05 s after the droplet was inserted into the furnace. The signal intensity
at this time was so low that the camera only detected the ignition points on the surface. It
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is not clear if the measured signals correspond to the droplet surface or to soot clouds
burning around the droplet. Figure 54 shows an image about 0.23 s after Figure 53.

Figure 53: RGB image, surface temperature map, and emissivity map (700 °C) –
droplet drying with ignition on the droplet bottom (residence time was
1.05 s)

Figure 54: RGB image, surface temperature map, and emissivity map (700 °C) –
devolatilization and char burning, with ISP ejected (residence time was
1.28 s)

91

Almost the whole droplet is at a higher temperature. Char burning is ongoing at the
bottom of the droplet, and thus the highest surface temperature appears there. The
corresponding emissivity is the lowest on the surface, as expected. A flame can be seen at
the back of the droplet indicating that the droplet is devolatilizing at the same time. The
visible (RGB) image shows that a small particle is ejected from the droplet. This particle
is an ISP and will be discussed further in Chapter 6.
The next image was recorded about 0.15 s later, shown in Figure 55. The char at the
bottom of the droplet is depleting and creates a big hole. The temperature inside the hole
is about 350 K lower than the hottest part of the surface, indicating the temperature
gradient inside the droplet.

Figure 55: RGB image, surface temperature map, and emissivity map (700 °C) –
char burning with a hole on the surface (residence time was 1.42 s)

Figure 56 and Figure 57 are two consecutive images at residence times of 1.52 s and
1.55 s. The overall surface temperature in these two figures is higher, indicated by the
larger red area, especially in Figure 57. The hole on the surface also becomes larger
because of carbon depletion. At a residence time of 1.68 s, the particle appears to have a
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smaller diameter, as shown in Figure 58. More holes are created on the shrinking particle
surface. Figure 59 shows that the particle shrinks further at residence time of 1.75 s and
reaches the end of char burning. Finally the carbon burns out and leaves the inorganic
residue at high temperature, as shown in Figure 60.

Figure 56: RGB image, surface temperature map, and emissivity map (700 °C) –
char burning with soot around the particle (residence time was 1.52 s)

Figure 57: RGB image, surface temperature map, and emissivity map (700 °C) –
char burning dominating with the higher surface temperature
(residence time was 1.55 s)
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Figure 58: RGB image, surface temperature map, and emissivity map (700 °C) –
carbon depleting and particle shrinking (residence time was 1.68 s)

Figure 59: RGB image, surface temperature map, and emissivity map (700 °C) –
end of char burning (residence time was 1.75 s)

For all the images, the droplet diameter change (d/d0) was calculated with the pixel
number of the droplet in the image. The mean droplet surface temperature and the
standard deviation were also calculated. These data, combined with the internal
temperature and mass data, are shown in Figure 61. The mean surface temperature
94

appears to be higher than the internal temperature all the time, with a maximum gradient
of over 300 K. The two temperature curves show the same trend and peak almost
simultaneously. The mass curve shows the slope change between devolatilization and
char burning but the two processes clearly overlap. Seven of the eight images shown
above are located between 1 and 2 s in Figure 61, and hence were not placed on the same
figure. Table 8 summarizes the mass and temperatures data with the information of the
images.

Figure 60: RGB image, surface temperature map, and emissivity map (700 °C) –
inorganic residue at high temperature (residence time was 2.12 s)

Overall the images of droplet burning, the droplet size, the droplet interior and
surface temperatures, the mass, and the simultaneous data are presented. In next chapter,
another issue of black-liquor-droplet combustion, product off-gas and alkali
intermediates, is discussed.
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Table 8: Summary of the simultaneous data with the image information (700 °C)
Figure #

Time, s

d/d0

Internal
Temp, K

Mean surface
Temp, K

Std. dev. in
Ts, K

m/m0

53
54
55
56
57
58
59

1.05
1.28
1.42
1.52
1.55
1.68
1.75

1.49
3.17
3.71
4.09
4.24
3.47
3.33

642
762
837
887
900
956
988

1237
1366
1379
1410
1450
1461
1436

159
139
119
137
150
143
134

0.878
0.853
0.813
0.781
0.749
0.721
0.693
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Figure 61: Simultaneous data of droplet diameter, internal temperature, mean
surface temperatures, and mass (700 °C)
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6. RESULTS AND DISCUSSION: ISP FORMATION
As described in Sections 4.1.3, qualitative and quantitative data of ISP formation
were obtained. This chapter summarizes the results from the 30 experimental cases and
over 1300 droplets burned.
6.1.

Qualitative ISP Data

Video images indicate that small explosions on the droplet surface occur during
drying. Two frames of a video clip illustrate one of these events, as shown in Figure 62.
In Figure 62a, a droplet is shown suspended from a wire. Backlighting produced a bright
reflection (pixel saturation) on the right side of the wire and around the perimeter of the
droplet (again brightest on the right side). The irregular shape at the bottom of the droplet
suggests an explosion has occurred which has suddenly separated the droplet surface and
ejected some mass. In Figure 62b, an image taken about 16 ms later, two streaks of light
appear angled away from the bottom of the droplet indicating particles traveling away
from the droplet at high speed. This explosion and ejection during drying represented a
small contribution to ISP. The solids-content of the black-liquor droplets was found to
affect ISP formation during drying, while liquor type appeared to have no influence.
More violent surface explosions during drying were observed in the droplets with lower
solids-content (50%) than in the droplets with higher solids-contents (70%). The droplets
with lower solids-content may therefore eject more particles during drying. Figure 63
indicated another example of particle ejection and ignition during drying. The two images
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were 16 ms apart, and a particle was clearly shown at the right side of the images. These
two figures record burning behavior of 50% solids Liquor B droplets. Similar behavior
was observed for all of the other liquors, and the visible difference was too tiny to be
distinguished among liquors.

(a)

(b)

Figure 62: Photos of a 50% Liquor B droplet burned on a 900 °C burner, a)
explosion during drying. b) particle ejection following the explosion

(b)

(a)

Figure 63: Photos of a 50% Liquor B droplet burned on a 900 °C burner, a) a
particle ejected during drying. b) the particle ignited after ejection
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Most of the videos showed no ISP formed during devolatilization, while almost all
the videos showed that ISP formation occurred mainly during char burning and smelt
oxidation. It is possible that this conclusion is biased by the fact that ISP formed during
oxidation and smelt burning produced luminous particles that were more easily detected
in photographic images than non-luminous droplets produced during devolatilization, but
occasional ISP formation was observed during drying, as noted, above which is also more
difficult to detect than during oxidation.
Additional experiments conducted in an oxygen-free environment using an
electrically-heated furnace (Section 4.2.3) confirmed the observation of insignificant ISP
formation during droplet devolatilization. These experiments included quantitative
capture of particles similar to that described in the next section, but the particles did not
experience oxidizing conditions but were otherwise under similar conditions of gas
temperature and particle size and composition. Similar to the images from the burner
experiment, only a small amount of ISP appeared in either the photographic or
quantitative results. Figure 64 shows a sequence of two images separated by 16 ms
during devolatilization for liquor C with 50% solids in the oxygen-free furnace. The
images show that particle swelling occurred but as in this example, no ISP were detected.
Figure 65 shows a sequence of images of a Liquor B droplet with 70% solids in transition
between devolatilization and gasification. Again the images do not indicate significant
ISP formation.
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Figure 64: Photos of a 50% solids Liquor C droplet devolatilizing in a 900 °C
furnace with nitrogen

Figure 65: Photos of a 70% solids Liquor B droplet devolatilizing and swelling in
a 900 °C furnace with nitrogen

During late char burning and smelt oxidation, however, more ISP formed, as
illustrated for the 70% solids Liquor C droplet in Figure 66 and Figure 67. Others have
reported ISP formation from a char bed surface [62-64] that may be mechanistically
related to that observed here. Clear ISP formation and sparking behavior are evident from
these images, with the majority of ISP formed during these stages (oxidation and smelt
reactions) of char evolution. These data do not provide comprehensive mechanistic
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information on ISP formation, but they do indicate several significant trends. ISP
formation occurs mainly at the highest particle temperatures, well after drying, swelling,
and devolatilization. ISP formation appears to be a surface phenomenon involving small
particles shedding from a large and mostly intact particle rather than a cataclysmic
degradation of the particle in a single event. It is clear that ISP formation depends on
droplet temperature. It may also depend on surface oxygen content, which in these
experiments is inseparably tied to particle temperature. ISP formation appears to proceed
throughout oxidation and smelt formation and not as an isolated event during the char
particle lifetime. Finally, substantial particle-to-particle variation under nominally
identical conditions persists in ISP formation, indicating that there are properties other
than those that were controlled in this experiment (liquor type, solids loading, gas
temperature, gas oxygen content, and initial droplet size) that impact ISP formation, or
that the process inherently includes too much complexity to be deterministic (accurately
predictable) for an individual particle.

Figure 66: Photos of a 70% solids Liquor C droplet undergoing the late char
burning and smelt oxidation in a 900 °C furnace
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Figure 67: Photos of a particle ejected from the burning char and inorganic
residue above the burner (900 °C)

The images shown above provide some evidence of ISP formation during drying,
devolatilization, char burning and smelt oxidation. However, except for the duration of
drying, no significant effects of liquor solids-content and liquor-to-liquor difference on
ISP formation appear in these images. Furthermore, there are too many potential
ambiguities in images such as these (depth of field, exposure, temporal and spatial
resolution, non-uniform ISP ejection over the particle surface coupled with an essentially
two-dimension focal plane, etc.) to provide reliable quantitative data. Therefore, the ISP
collection system discussed next was developed to provide more quantitative and
statistically meaningful results.
6.2.

Quantitative ISP Data

The overall quantitative results of the ISP sampling experiments are summarized in
Figure 68. The amount of ISP formed is expressed here as a percent of the original dry
black-liquor-solids. The variation in ISP formation is shown as a function of liquor type
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and solids loading. This figure summarizes all the results from the 30 cases and 1300
droplets burned. The standard deviations are also included, represented by the error bars.
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Figure 68: Total percentage of ISP mass to initial solids mass from all
experiments for all five liquors in Table 4 (error bars represent the
standard deviations)

A strong effect of liquor type can be seen, with softwood liquors forming more ISP
than softwood/hardwood mixed liquors. This is true for both solids-contents investigated.
The average percentage ISP per black-liquor-solids (BLS) ranges from 0.2 - 1.8%, which
was lower than the reported value of 5-15% from previous work [62] but higher than
some results from char-bed studies. This may be due to the different experiment methods
and conditions in the corresponding investigations, such as fuel particle size (dried solids
powder), flue gas flow rate (1.8 m/s) , oxygen content (13-15%), and furnace temperature
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(800 ˚C) [62]. The higher gas flow rate would tend to enhance the droplet fragmentation
by blowing the droplet with high velocity, and higher oxygen content was also reported
to enhance the ISP ejection [23].
The amounts of ISP formation as a function of initial solid mass illustrate the impact
of solids-content on ISP formation. ISP formation increases with increasing solidscontent as shown in Figure 68. It is unlikely that the moisture itself would impact ISP
formation, since formation occurs primarily during oxidation, long after moisture leaves
the particle. The trend is more likely associated with the total amount of organic material,
which in turn correlates with the time the droplet stays at high temperatures during
oxidation. Droplets with high initial solids-content dry faster and take longer to
devolatilize and oxidize compared to droplets with the same initial mass (wet basis) but
lower initial solids-content [13]. This is consistent with the visual observations discussed
earlier. Liquor E oxidized faster than other liquors, while liquors B and C oxidized more
slowly. Therefore, liquor E produced less ISP than either liquor B or C because of the
relatively shorter oxidation time of Liquor E.
The third factor that was investigated was the initial droplet mass. The initial droplet
mass, on a wet basis, was controlled within 5% difference for each liquor type at the two
solids-contents. The average ISP amounts measured as a function of the dried droplet
mass are shown in Figure 69 and Figure 70 for the two solids-contents investigated.
Both plots show a trend that the amount of ISP observed is proportional to the droplet
mass, at least over the range of the investigation. That means that the amount of ISP
scales approximately with burning time for all the liquors tested. Burning time for such
droplets generally scales with the square of the diameter, while mass scales with diameter
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cubed. This means that if ISP formation is proportional to burn time, then ISP formation
should be proportional to the mass raised to the 2/3 power.
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Figure 69: Effect of initial droplet mass (size) on ISP production for 50% liquors
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Figure 70: Effect of initial droplet mass (size) on ISP production for 70% liquors
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6.3.

ISP Structures and Properties

Five major particle types were identified from the SEM images of the ISP collected,
categorized by particle size and shape. Larger particles were 50 µm or bigger. They were
mostly spherical with cracked surfaces, presumably formed during sampling. Figure 71a
shows a 100 µm particle with a clearly cracked surface, collected on filter I from burning
50% liquor droplets, and Figure 71b shows another 60 µm spherical particle.

(a)

(b)

Figure 71: a) A 100 µm spherical particle with surface cracking - 500X, b) A 60
µm spherical particle -1200X

Particles ranging from 10 to 50 µm (nominal 20µm size) usually were nearly
spherical and had agglomerates on the surface. The agglomerates may have collected
either during combustion or during sampling. These particles are the most dominant
particles found on the filters. Figure 72 illustrates two medium-size particles with 20 µm
and 15 µm size, found on filter I from burning a 70% liquor droplet. This particle was
fully covered with agglomerates. Similar particles are reported by other researchers [56,
63, 67].
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(b)

(a)

Figure 72: a) A 20 µm particle with surface agglomeration-2500X, b) A 15 µm
particle with surface agglomeration-4500X

Particles ranging from 5-10 µm had irregular shapes, and less surface agglomeration.
Two <10 µm, irregular-shaped particles, found on filter I, are shown in Figure 73. The
surface agglomeration shown in these two pictures is clearly less than that shown in
Figure 72.

(a)

(b)

Figure 73: a) A 10 µm irregular shaped particle-6000X, b) A <10 µm irregular
shaped particle-5000X
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Smaller particles (< 5 µm) exhibited a variety of shapes and extents of agglomeration.
These particles might be formed from agglomerates of fume particles. Agglomerates of
fume with size <5 µm are shown in Figure 74.

(a)

(b)

Figure 74: a) A 5 µm near fume particle-12000X, b) A <5 µm near fume particle6000X

Very few individual fume particles were found on the filters, presumably due to the
cut-points of the cyclones, as verified by SEM images. Two individual fume particles are
captured as indicated in Figure 75. These images provide some verification that the
experimental design mostly succeeded in avoiding fume particle mass from
compromising the measured amounts of ISP in these experiments.
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(a)

(b)

Figure 75: a) A submicron fume particle-15000X, b) A submicron fume particle10000X

Interestingly, the particles collected from almost all the experiment were very similar.
All the particles can be categorized into the five particle types mentioned. This suggests
that the variables controlled in this experiment (liquor composition, solids loading,
droplet size, gas temperature, gas oxygen content, etc.) do not impact the physical and
possibly the chemical compositions of ISP. Changing these variables would probably
only affect the amount of the ISP. Certainly a detailed investigation of the ISP chemical
composition would confirm this statement.

109

110

7. RESULTS AND DISCUSSION: A DROPLET MODEL
Comparison of the experimental data discussed in the previous section with a
theoretical prediction demonstrates quantitative understanding of black-liquor reactivity
or the lack thereof. A newly-developed single-particle black-liquor-droplet combustion
model includes many of the important elements demonstrated by the data and provides a
useful tool for this comparison. This model includes substantial input from a similar
biomass particle model developed by a graduate student in the same research group,
Hong Lu. Modifications of Lu’s model, including the particle size, physical and thermal
properties, and kinetics, allowed treatment of the larger black-liquor droplets. A brief
overview here emphasizes the components unique to black liquor. More detailed
information of the model appears in the appendix and in Lu’s paper [68].
7.1.

Model Description

The current model is a one-dimensional droplet/particle combustion model, including
a drying model, a devolatilization model, and a char burning model. The droplet was
assumed to be heated in a hot furnace so that both radiation and convection heat transfers
are considered. Black liquor usually contains a certain amount of water. This moisture
content is specified, typically at about 30%, to match the most common experimental
conditions. Both free water and bound water are considered in the drying model, with a
moisture release rate determined by the equilibrium vapor pressure, reaction kinetics, the
moisture partial pressure in the pores and on the droplet surface, and the diffusion of
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vapor. Two water diffusion paths are considered. The first path is the vapor diffusion
from the pores to the droplet exterior, and the second path was the liquid diffusion of
moisture from droplet interior to exterior.
The devolatilization process involves thermal degradation of the liquor components,
mass transport of the devolatilization products in the droplet by means of advection and
diffusion, and blowing of the gas products at the surface of the droplet. A two-stage
kinetic model (Figure 76), used in wood pyrolysis, describes the devolatilization process
in this model. This model predicts the combustion product rates and yields and their
variations with temperature and heating rate, including tar production. Char burning
involves the oxidation of black-liquor char on the droplet surface with the surrounding
oxygen. Char reacts with oxygen to form only carbon monoxide. Both chemical reaction
and diffusion of O2 through the particle boundary layer control the char oxidation rate,
depending on the droplet temperature. Oxidation inside the pores, char gasification with
carbon dioxide and water vapor are considered. The inorganic reactions, however, are not
modeled currently.

Light Gas
1
4
Black Liquor Solids

2
3

Tar
5
Char

Figure 76: The two-stage kinetic model used in the devolatilization model
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There are a total of eleven species in the model: black-liquor-solids, light gas, tar,
char, moisture, vapor, inert gas, CO, CO2, H2, and O2. Since the kinetic parameters of
black-liquor devolatilization are not known, parameters for wood pyrolysis are used. The
kinetic parameters for wood pyrolysis found in literature vary over a wide range. They
are usually measured at low to moderate temperature (usually < 900 K). No hightemperature kinetic data for the two-stage scheme have been reported. Font et al. [69]
presented kinetic data for the three primary reactions that are found to be comparable to
what Nunn et al. [70] reported for the single reaction kinetic data for hardwood in the
high-temperature range (573 ~ 1373 K). Thus the data of Font et al. appear in this model.
The kinetic parameters of char oxidation used in the model were from the carbon
oxidation kinetic data [72]. The overall pre-exponential factors, activation energies, and
heats of reaction used in this model appear in Table 9.

Table 9: Kinetic parameters of wood pyrolysis process
Pre-exponential

Activation

factor

energy

(s-1)

(kJ/mol)

1

1.44×104

88.6

[71]

-418

[71]

2

5.85×106

119

[71]

-418

[71]

3

2.98×103

73.1

[69]

-418

[71]

4

4.28×106

107.5

[72]

42

[73]

5

1.0×105

107.5

[74]

42

[73]

6

5.13×1010

88

[75]

-2,440

[75]

Reaction
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Heat of
Reference

reaction

Reference

kJ/kg

The model includes several simplifying assumptions. All properties were assumed to
be transient and one-dimensional. The internal particle and gas temperatures are assumed
to be equal at each radial location. All gases are assumed to be ideal gases. The droplet
was also assumed to be 1.5 mm in diameter and to have constant volume and shape,
spherical in this case, during the entire combustion event. Droplet sectioning
(discretization) involved 21 nodes in the radial direction, and the time step was 0.01 ms.
These numbers were determined based on sensitivity test results. The mass conservation
of each species, the momentum, and the total energy equations are solved simultaneously.
The mass conversion equations of black-liquor-solids, char, and moisture are solved
using a fourth-order Runge-Kutta method. A control-volume (finite- volume) [76]
method solves the gas species mass conservation equations and energy conservation
equations. A power-law scheme and the SIMPLE algorithm accelerate the convergence
of the solution procedure.
The physical and thermal properties of black liquor significantly affect the heat and
mass transfer process [77, 78]. In this project, temperature dependent heat capacity
correlations appear for all species. The heat capacity of black-liquor-solids and char were
taken from the model suggested by Merrick [79]. Gronli et al. [80] suggested a
correlation for tar heat capacity, which is based on some typical pyrolysis tar components
(closely related to benzene). The thermal conductivity of black liquor was taken from the
literature [43, 81, 82]. Some of the physical and thermal properties, such as the porosity,
emissivity, permeability, viscosity, and diffusivity, used in the model, with the
corresponding references, are listed in Table 10.
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Table 10: Some of the input values used in the model
Variable

Value

Reference

BLS density, ρB

997+649*(1-moisture) kg/m3

[5]

Porosity, ε

0.4

Emissivity, ω

0.9

Permeability, η

ηB = 0.01 Darcy

[80]

ηC = 10 Darcy

[80]

Pore size dpore

1.0×10-6 m

[83]

Molecular weight M

MT = 140 kg/kmol

[83]

MG = 40 kg/kmol

[83]

Viscosity µ

µgas = 3×10-5 Pa.s

[84]

Diffusivity Deff

Deff = 3.0×10-5 m2/s

[71]

Initial droplet diameter

1.5 mm

Initial moisture

30 %

7.2.

Model Results

The modeling results include the simultaneous drying, devolatilization, and char
oxidation of a black-liquor droplet. Flame reactions and droplet swelling were not
modeled in this project. The model output includes the droplet center and surface
temperatures, total mass fraction (ash-free basis), and the mass fractions of all species
such as black-liquor-solids, moisture, light gas, tar, and char. Figure 77 shows the model
output of temperatures and total mass fraction in 900 °C air.
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Figure 77: Model predictions of a 1.5mm droplet burned in 900 °C Air

The mass curve has a flat region at m/m0 = 0.7, which indicates the end of drying. It
also corresponds with the center temperature curve which has a flat region near the water
boiling point at m/m0 = 0.7. The temperatures then increases due to droplet heat up. The
volatiles reactions in the flame were not considered, so the increase of droplet
temperatures slows down during devolatilization between 2-3 s due to a combination of
endothermic reactions and a substantial blowing factor that retards heat transfer. The
slope of the mass curve becomes less steep at the end, which indicates that char oxidation
is the main process at that time. The rate of char oxidation is slower because the process
is diffusion controlled. The temperature gradient between the droplet center and surface
is more significant during drying than devolatilization. This is partly due to the
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Temperature, K
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assumption of constant droplet diameter during devolatilization. Including swelling
would decrease the thermal conductivity and lead to a greater difference in surface and
center temperatures during devolatilization.
The model was used to show the effect of furnace temperature. Figure 78 shows the
predictions of the center temperature at the three furnace temperatures used in the
experiments.
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Figure 78: Model predictions of center temperature of a 1.5 mm droplet at
different furnace temperatures

In Figure 78, the duration of drying inside the droplet decreases with furnace
temperature, consistent with the data and the idea that vaporization is generally a heattransfer-limited process. Also, the droplet center temperature increases faster and reaches
a higher maximum value as furnace temperature increases, indicating that the droplet
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takes a much shorter time to complete reaction in a hotter furnace. The corresponding
droplet surface temperature predictions appear in Figure 79.
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Figure 79: Model predictions of surface temperature of a 1.5 mm droplet at
different furnace temperatures

Figure 79 indicates that surface drying is much shorter than center drying shown in
Figure 78 because a flat region near the water boiling point is not significant. The heat up
process is also faster. In many combustion applications, drying, heatup, devolatilization,
and oxidation occur in mostly sequential steps. These two figures show that these steps
overlap substantially in the case of black-liquor combustion, with surfaces devolatilizing
at the same time interiors are at drying temperature. Another observation is that the
maximum temperature increases with the furnace temperature, as expected. This also
appears in the temperature data shown in Section 5.2.1. The last output of the model is
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the droplet mass fraction, shown in Figure 80. The transition between drying and
devolatilization is very clear in the figure, at m/m0 = 0.7. Again, the mass loss at higher
furnace temperature is much faster than at the lower furnace temperature. The drying rate
appears relatively similar at different furnace temperatures but that is mainly an artifact
of the slopes of the lines being so high. In fact, the rates differ by the same amounts
indicated earlier. Devolatilization rates also differ widely with furnace temperature.
Finally, the char oxidation rate is the slowest step at all three furnace temperatures but
still increases with increasing temperature mainly due to the increases in the diffusion
coefficient with temperature.
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Figure 80: Model predictions of mass fraction of a 1.5 mm droplet at different
furnace temperatures
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The primary outputs of the model (two temperatures and mass) were compared with
some of the experimental data obtained. Although the internal temperature data are
reliable measurements, the position of the thermocouple relative to the droplet center and
surface is neither controlled nor known. The evaluation will proceed assuming that the
predicted surface and center temperatures represent extremes between which the internal
temperature data should lie.
First, the model predictions of center and surface temperatures in nitrogen
environment were compared with the data obtained in inert environments (nitrogen).
Figure 81 to Figure 83 show comparisons of predictions with the internal temperature
data in nitrogen.
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Figure 81: Comparison of data and model predictions of a 1.5 mm droplet in a
700 °C furnace in nitrogen
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Figure 81 shows the data and the predictions in the 700 °C furnace. The predicted
center and surface temperatures bracket the measured temperature during most of the
droplet combustion history, as expected. However, the plateau in droplet temperature
during drying that is evident for both the surface and the center is not evident in the
experimental data. This could be because the thermocouple conducts some heat to the
droplet that would dry the local region. This is not included in the model. Another reason
could be the absence of the swelling during drying in the model. The increase of droplet
volume and internal surface area, as well as the decrease of the density, would enhance
heat transfer to the droplet and so increase the drying rate. Similar reasons apply on the
devolatilization process. This can be seen by the slight decrease of the modeled center
temperature curve at around 800 K.
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Figure 82: Comparison of data and predictions of a 1.5 mm droplet in a 800 °C
furnace in nitrogen
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Figure 83: Comparison of data and predictions of a 1.5 mm droplet in a 900 °C
furnace in nitrogen

In all these three figures, the ultimate temperatures of the data and the model are not
matched exactly. The measured final temperature shown in Figure 81 is a little below the
predicted final temperatures, while the measured final temperatures shown in Figure 82
and Figure 83 are obvious higher than the predicted final temperatures. The reason for
this is the experimental equipment error and the model settings. The furnace gas
temperature was fluctuated slightly after each experiment. Also, the thermocouple
randomly measured the temperature inside the residual smelt or the gas temperature.
These two temperatures should be slightly different. The gas temperature in the model,
on the other hand, had a value of 95% of the wall temperature, which was set to be
identical to the furnace gas temperature used in the experiment. All of these factors lead
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to the difference of ultimate temperatures between the data and the predictions. The other
major discrepancy is the temperature overshoot in the data that is not included in the
model. This is likely caused by small amounts of residual oxygen in the furnace as well
as the oxygen in black liquor that oxidized a small portion of the char, thus causing a
temporary and minor temperature increase.
In a second set of predictions, the char oxidation was included, and the model
predictions were compared with the combustion data in air. Figure 84 shows a
comparison between the mass data and the model predictions in an 800 °C furnace. The
ash-free mass predictions with the MBMS data are also included in the same plot for
comparison.
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Figure 84: Comparison of mass data, MBMS predictions, and model predictions
of a 1.5 mm droplet in 800 °C air
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The overall rate of mass change is predicted to be faster than are indicated by the data
and the MBMS predictions. The model also predicts the drying rate much faster,
represented by the steep slope from 0-1.5 s. From 2-4.5 s, the droplet is devolatilizing.
The rate of mass change during devolatilization is predicted by the model very close to
that of the MBMS predictions. However, the two predictions are both slower than is
indicated by the balance data. This might be due to the hotter temperature on the droplet
surface in the experiment. Since the flame reactions were not considered in the model, the
droplet tended to be cooler and so the reaction rate might be slower at that temperature.
During char burning (from 4.5 to 7.5 s), the model and the MBMS predictions show very
good agreement with the data. Both predictions end at around 7.5 s since they are on an
ash-free basis. The data, though, remain and stabilize near the value of the residual ash
content. The fluctuations in the measured mass loss rate in this figure were caused by
many factors. Possibly the most significant cause was the change of droplet’s position on
the thermocouple. This would cause the droplet to burn unevenly, and make the balance
become unstable. Certainly the assumption of the model is another factor for this
difference between the data and the model.
Model predictions of the center and surface temperatures are compared with the data
obtained in air at 800 °C in Figure 85. These data are the simultaneous internal and
surface temperature data shown in Figure 61. Several observations can be made here.
First the predicted temperatures bracket the data from 0-1.1 s, similar to previous
data/model comparisons for inert environment. Second the model predicts faster droplet
heat-up rate than the measurements. The predicted temperatures increase more rapidly
than the measured data from 1.1-2.4 s. Then the increase of the predicted temperatures
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slows down, while the data show the continuous increase of temperature during this
process. The primary reason is the lack of the flame reactions and swelling in the model.
Without the flame reactions, the droplet would be cooled down during the endothermic
droplet devolatilization because the exothermic volatiles combustion does not contribute
heat to the droplet. In addition, if droplet swelling were modeled, the degree of droplet
blowing would decrease, the surface area would increase, and the droplet density would
decrease, all of which would increase the droplet heat-up rate. The predicted temperatures
reach the maximum at 4.8 s, which is 1.4 s later than the measured maximum temperature
which happens at 3.4 s. This is obviously because of the longer reaction time predicted.
However, the model predicts the maximum temperature of about 1200 K, which is fairly
close to the measured maximum temperature of 1160 K. Finally, the predicted surface
temperature is much lower than the measured mean surface temperature. The lack of the
flame reactions around the droplet is the primary factor again.
The enthalpy of devolatilization was then changed from endothermic to exothermic.
The predictions are compared with the simultaneous data in Figure 61. A better match
between predicted center temperature and measured internal temperature can be seen in
Figure 86. The measured internal temperature falls between the predicted center and
surface temperatures. The measured surface temperature, however, is still much higher
than the predicted surface temperature because the flame reactions are not considered.
The equilibrium temperatures are predicted to be higher than the furnace temperature at
the end. This is because the carbon/ash ratio on the particle surface was not included at
this stage. The carbon/ash ratio on the particle surface should decrease proportionally to
particle burnout. The oxidation rate would correspondingly decrease and therefore the
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temperature would gradually decrease to the furnace temperature. The carbon/ash ratio
was then added to the model, and the comparison between the model predictions and data
are shown in Figure 87.
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Figure 85: Comparison of the temperature data and model predictions of a 1.5 mm
droplet in 800 °C air
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Figure 86: Comparison of the temperature data and model predictions of a 1.5 mm
droplet in 700 °C air (with exothermic devolatilization assumption)

In Figure 87, the predicted temperatures bracket the measured internal
temperature from zero to 1.5 s. The center maximum temperature is about 100 K lower
than the measured internal temperature. The measured surface temperature is still higher
than the predictions because the flame is not included. With the carbon/ash ration on
particle surface included, the predicted temperatures reach to about 40 K higher than the
measured furnace temperature, indicating that the carbon/ash ratio on particle surface is
significant.
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Figure 87: Comparison of the temperature data and model predictions of a 1.5 mm
droplet in 700 °C air (with exothermic devolatilization assumption and
surface carbon/ash ratio consideration)

Overall, black-liquor modeling is limited by a lack of information regarding thermal
properties, swelling characteristics, devolatilization kinetics, and inorganic reactions.
However, the model provides semi-quantitative predictions of droplet temperature and
mass behaviors in both air and nitrogen environments. Model agreement with data is
mainly qualitative and often quantitatively at this point. A swelling model is needed, but
a reasonable swelling model for black-liquor droplets does not exist anywhere in the
literature. Also a char gasification model with inorganic reactions is needed for better
predicting droplet combustion in oxidizing environments.
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8. CONCLUSIONS
The conclusion chapter includes the conclusions of the four main studies in the
project regarding the droplet combustion studies, the MBMS studies, and ISP studies, and
the modeling studies. A list follows and summarizes the main contributions of the project.
The recommendations finally end this chapter and the dissertation.
8.1.

Conclusion of the Droplet Combustion Studies

The black-liquor-droplet-combustion investigations using several newly developed
experimental techniques provide some of the most comprehensive and detailed
information to date. The experiments provide data regarding droplet size and shape,
internal temperature, surface temperature and emissivity, and mass loss. Both individual
and simultaneous data were obtained with this setup.
The high resolution images of the burning droplets showed the size and shape
changes of the droplet at different combustion stages. Droplet maximum swelling factor
was investigated with the images recorded. It was found that droplets swell more in
nitrogen than in air, with maximum swelling factors ranging from 2.8-3.8 in nitrogen and
2.4-3.5 in air. With the furnace temperatures tested, droplets tended to swell more at low
(700 °C) than at high (800 °C) furnace temperatures, with maximum swelling factors
ranging from 3.1-3.8 at 700 °C and 2.4-3.1 at 800 °C. Softwood liquors were also found
to swell more than softwood/hardwood mixed liquors, with maximum swelling factors
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ranging from 2.9-3.8 for softwood liquors and 2.4-3.4 for softwood/hardwood mixed
liquors.
Simultaneous droplet size, internal temperature, surface temperature and emissivity,
and mass data were obtained. Droplet surface temperatures and emissivities were
measured with the optical pyrometer which was developed with CCD imaging cameras,
based on the color-band method. The measured droplet internal temperature was shown
to be much lower than the measured droplet surface temperature. This gradient between
the droplet interior and exterior was often over 300 K. The measured droplet surface
temperature also exhibited a broad distribution. The visible images show that some part
of the surface had char burning while other parts were still devolatilizing or even drying.
With the mass data obtained with a balance, the mass loss during drying was found to be
slower than the mass loss during the overlap of devolatilization and char burning. From
the simultaneous droplet diameter, temperature, and mass loss data, the mass loss data
was easily interpreted. The effect of furnace gas temperature increased the droplet mass
loss rate, as well as the maximum temperatures both on the droplet surface and inside the
droplet.
8.2.

Conclusion of the MBMS Studies

MBMS experiments were successfully performed in this project. An abandoned
Thermospray mass spectrometer was adapted to a double-skimmer-fed, MBMS assembly.
Detailed modifications included machinery work, wiring, data acquisition upgrade, ion
source replacement, and vacuum system renewed. The modified system was able to
sample product gas from burning black-liquor droplets through the double skimmers to
the ion source of the mass spectrometer. The molecules were then ionized and separated
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by the quadrapole, and detected by the detector. The system monitors major off-gases
such as CO2, O2, and H2O. The concentrations of these gases have been used to identify
the combustion stages of the black-liquor droplet. The resulting spectrum shows that H2O
and CO2 formations almost start together, indicating the overlap of droplet drying and
devolatilization, possibly char burning as well. Also, the total droplet mass loss was
predicted based on these off-gas concentration traces. The resulting predictions match
fairly well with the mass data from the balance in the droplet combustion experiment,
with less than 10% difference both at high (900 °C) and low (700 °C) furnace
temperatures. This provides an alternative for measuring the mass loss to the balance
readings. Monitoring of alkali species is more difficult due in part to the relatively high
internal pressures of the system and the age of the system. At this point, no alkali species
have been detected.
8.3.

Conclusion of the ISP Studies

ISP formation during black-liquor-droplet combustion was investigated with both
qualitative, image-based analyses and quantitative, particle-sampling investigations. The
images presented in this investigation indicate that during drying, water vapor comes out
from the droplet interior and the droplet starts swelling. This potentially creates a force
for droplet fragmentation and ejects small particles. Insignificant ISP formation is shown
in the images recorded during devolatilization. During char burning and smelt oxidation,
carbon is depleting, and so the pore size increases. Gases are formed from the chemical
reactions on the droplet surface at high temperature. When these gases escape from the
droplet, small pieces of char or smelt are probably carried away. The flue gas then
entrains these particles in the flow direction. This creates curved trajectories from
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particles with initial velocities directed away from the sampling stream in the images.
These qualitative results do not preclude ISP formation from other mechanisms such as
liquor spraying and char bed oxidation, etc. However, they would suggest that a
significant amount of ISP is formed during entrained flow particle oxidation, and if the
same is true during bed combustion, the total amount of ISP could be large.
Quantitative analyses of ISP formation indicate that both droplet solids-content and
liquor type impact ISP formation. Detailed analysis of the trend with solids-content
suggests that longer burning times produced more ISP rather than changes in initial
moisture, with total ISP formation being 0.2-2% of dry solids for a typical liquor under
typical operating conditions. Most of the variation in ISP formation at a given initial
solids-content arises from variations in liquor type. Also the effect of initial droplet mass
was investigated. The ISP formation has been found to be proportional to the initial
droplet mass.
Sampled ISP showed consistent trends in structure with size, some of which were
similar to particles collected from other researchers. Five types of particles were collected.
The largest particles were 100 µm in size with cracked surface. The most dominant
particles were the 10-50 µm spherical particles with surface agglomerates. Irregular
shaped particles with size <10 µm and agglomerates of fume with size <5 µm were also
collected. The small amount of fume particles were the last type of particles found.
8.4.

Conclusion of the Modeling Studies

Simultaneous drying, devolatilization, and char oxidation of black-liquor droplet was
modeled with a relatively simple droplet model. The current model can predict droplet
center and surface temperatures, as well as the mass change during droplet combustion.
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The predictions were compared with the experimental data obtained in both inert and
oxidizing environments. All of the predictions had trends fairly similar to the data. For
comparisons with drying and devolatilization only, the predicted center and surface
temperatures bracket the measured internal temperature for most of the combustion time,
as expected. The predicted mass loss rates with oxidation included were faster than the
measurements. The predicted maximum center temperature was just about 40 K lower
than the measured maximum internal temperature. The surface temperature, though, was
predicted to be much lower than the data. This is because a surrounding volatiles flame
was not treated in the model. The reactions in the flame would produce significant heat
that would raise the droplet temperature. The temperature gradient between the droplet
interior and surface was predicted to be lower than measured. Considerations of droplet
swelling and thermal conductivity change may correct this problem. Modeling studies
also show the significance of the enthalpy of devolatilization and particle surface
carbon/ash ratio. The heat conduction through the thermocouple and the position change
of the droplet during combustion are also important factors that were not treated in the
model.
8.5.

Project Contributions

The research in this project makes the following contributions:
•

Individual and simultaneous measurements of droplet size, interior and surface
temperatures, surface emissivity, and mass loss provide an experimental basis
useful for understanding the kinetics and the reactivity of single-black-liquordroplet combustion
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•

Imaging and the color-band pyrometry provide simultaneous surface temperature
and emissivity and particle shape/size data, including techniques developed at
BYU and applied for the first time to particle combustion analyses

•

The MBMS sampling technique is the first such technique to be used in
combustion analyses on suspended droplets, and provide the most realistic
measurements for suspension burning which is also the first time it is used for
single-black-liquor-droplet combustion

•

ISP information for black-liquor droplets developed in this project may be the
most quantitative data on this subject collected to date, providing evidence that
this recently discovered particle generation mechanism may potentially contribute
substantially to recovery boiler deposit accumulation issues

•

The droplet model is a relatively simple but useful model, with the capability of
predicting the trends of black-liquor-droplet-combustion behaviors with
simultaneous drying, devolatilization, and char oxidation

8.6.

Recommendations

The droplet combustion experiment can be improved by adding a more sensitive
optical pyrometer for a broader range of surface temperature measurement. Three
synchronized cameras will help to provide simultaneous three-dimensional images and
surface temperature and emissivity maps. This will give a much better description of
droplet swelling by using the developing 3-D image reconstruction model developed at
BYU. The mass data can also be improved with an analytical balance with higher
resolution and sensitivity.
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The MBMS studies deserve more work because it is the first application to suspended
droplets. The mass spectrometer system has to be improved in order to provide highly
resolved MBMS data. A new double skimmer is already constructed at this time. If the
vacuum system and the detector of the mass spectrometer can be improved, the resolution
can be enhanced, and species such as sodium salts and intermediate species could be
detected. The mass loss prediction from the MBMS data is a useful tool. Combined with
the balance, it can provide reliable mass loss data. If other species such as sulfur species,
alkali salts, and CO are included for the mass loss prediction, the results will be much
more representative. Also, MBMS data in inert environments (helium) are needed, which
has not been performed due to the current system limitations. Ultimately, if this MBMS
system can be combined with the droplet combustion experiment setup, the potentially
most valuable information will be developed.
A mechanistic set of information on ISP formation has not been provided. This is the
next step with great potential contribution on this topic, and the existing experimental
setup will be helpful for this investigation. The chemical composition of ISP will help to
understand how ISP is formed. Attempts to analyze ISP composition were performed in
this project with SEM, but the results were not reasonable, and therefore were not shown
in this dissertation.
The model can be improved based on the existing code and results. First the drying
model needs to be improved because it over-predicts the duration of drying, especially in
a reducing environment. A swelling model is desired, but no reasonable swelling model
for black-liquor droplet yet exists. The model should be modified to treat the surrounding
flame during devolatilization, which will definitely improve the temperature predictions.
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Also a char-gasification model with inorganic reactions is needed for better predicting
droplet combustion in an oxidizing environment. Other improvements include better
black-liquor thermal and physical properties and devolatilization kinetics.
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APPENDIX A: MBMS Development and Its Tuning Procedures
Converting the Thermospray Mass Spectrometer to an
Electron Impact Mass Spectrometer and its Tuning Procedures
Warren Roberts and Elvin Ip
Background
In September 2002, Neal Arnold and Henk Meuzelaar came down to BYU to explain
to us the setup for a mass spectrometer (MS) that they had used analyze gases from coal
pyrolysis. This electron impact (EI) mass spectrometer had been equipped with a Thermo
Gravimetric Analyzer, and a double skimmer. They thought that this setup would be idea
for also analyzing black liquor and agreed to donate the machine to BYU.
The double skimmer assembly was the key to making the mass spectrometer function
at low vacuum pressure. This type of assembly functions by lowering the pressure in
stages from atmospheric pressure down to the operating pressure of the mass
spectrometer. The feed to the double skimmer is positioned just slightly above the first
skimmer orifice as seen in Figure 88. The first stage is kept at low pressure
(approximately 10-1 torr) by either one large vacuum pump or a set of vacuum pumps
working in parallel.
After the feed passes through the first orifice, the stream is split. Some of the feed is
sucked into the vacuum pump and another part of the feed is sent through the second
skimmer. Both of the orifices restrict the flow to the point where a large pressure drop is
possible and to the point that the gas flows through the orifice at the speed of sound.
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After the stream passes through the second orifice, the stream is expanded through a
nozzle causing the stream to reach supersonic speeds. When the feed to the ion source is
traveling at supersonic speeds, this type of spectrometry is referred to as molecular beam
mass spectrometry.

Figure 88: Schematics of the double skimmer assembly

In the case of combustion the feed to the MS consists of the gases produced during
combustion. In the case of the pyrolysis research done by Neal Arnold and Henk
Meuzelaar, the double skimmer assembly was placed directly in a furnace and a boat was
suspended from the TGA. This allowed for both weight measurements and gas analysis to
be taken simultaneously as the furnace heated. Their system also consisted of a N2 purge
for the furnace to inhibit oxidation accelerate.
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Mass Spectrometer Basics
The mass spectrometer which we are dealing with has the following main
components: an EI ions source, a series of lenses, a quadrupole, an Ion accelerator, an
electron multiplier, and a detector as can be seen in Figure 89.

Figure 89: Internal parts of a mass spectrometer

By following the flow of the feed from the double skimmer assembly, the feed first
enters the ion source. In the ion source the feed is bombarded with electrons emitted by a
filament. The filament is simply a wire that has a current running through it. The
electrons that bombard the molecules effectively remove one or more of the electrons
from the molecules forming ions. These ions have a positive charge.
Once the ions are formed they are repelled from the ion source by what is called the
repeller. The repeller in most cases is no more than a plate that carries a positive charge.
The ions then pass through a series of lenses. These lenses have a negative charge and the
both accelerate and focus the stream of ions leaving the ion source.
The next step is to separate the ions by their mass so that the mass of the different
types of ions can be identified. The quadrupole, many times called the quad, is the part
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for this mass spectrometer that carries the function of separating the different ions. The
quad operates like a filter that has a continuously changing pore size. As the ions enter
the quadrupole they become subject to the electric field caused by four rods. Two of the
rods are positively charged while the other two are negatively charged, but the charges on
the rods change sinusoidally with time at a very high frequency in the radio frequency
range.
As a result of passing through the electrical field produced by the quad, at any given
time, only the ions of one certain mass can pass through. All of the other ions become
unstable in the quad and will not make it through to be detected on the other end. This
type of mass spectrometer uses a scanning technique. After the ions of a certain mass are
detected, the MS will then change the voltage ratio in the quad to allow a different ion to
pass through to be detected. By ramping up the voltage ratio in the quad the abundance of
large range of ions can be detected rather quickly.
Equipment
When we first went to the University of Utah, we took apart the old system and found
that it was no longer in working condition because the quadrupole/ion source assembly
had been broken.
Fortunately there was another MS that was still in working condition, but this MS
was a thermospray MS and would have to be modified to an electron impact (EI) MS so
that it could analyze gases in stead of liquids.
On several occasions we went to the University of Utah to work on the MS to find
adequate pumps, to change the oil, to test the vacuum system, and to try to turn on the
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filament and run the instrument. After going to the U for several months the equipment
was moved to BYU in January of 2003.
Fortunately, Hewlett Packard (HP) makes an EI ion source that is compatible with the
interface to the HP quad from the equipment donated from the University of Utah. With
the help of Dr. Edgar Lee in the BYU Chemistry Department, we obtained such an ion
source. And with the help of Bing-Fang, a chemistry graduate student, we obtained
literature on the ion source, which contained necessary information on the voltages and
the current that the ion source needs to function.
Modifications
In order for the double skimmer assembly to be fitted to the thermospray MS body, a
new inlet to the MS was made. The inlet to the MS was made by cutting a hole in the top
of the MS body and welding an adaptor flange to it so that the double skimmer assembly
would fit directly above the entrance to the new EI source. By having the outlet of the
double skimmer assembly directly above the ion source the molecular beam could be
directed into the ion source.
The old ion source did not tie in directly to the quad, but had its outlet extend into the
entrance of the quad without touching it. With the thermospray ion source in position, the
quad was supported by a flange that centered the quad in the middle of the MS housing.
The EI ion source, however, tied directly into the quad and interfered with the centering
flange that was used with the thermospray; so a new centering flange was built for the EI
ion source. This new flange not only centers the EI source but also helps to channel the
feed to the source.

153

Figure 90 shows the different parts of an EI ion source. The source consists of two
inlets for the feed. Either of these can be used, but in the current MS configuration the
secondary inlet is being used. There are two filaments on the source, but only one is used
at a time. As current passes through the filament, the filament emits electrons that impact
the molecules entering the feed. These electrons knock off one of the electrons from the
molecules forming ions. The ions are then repelled from the source by a repeller which
has a constant positive voltage. The magnets and the lenses are used to focus the ions out
of the source into the quadrupole. There are three different lenses. The draw out and the
ion focus are both lenses with a constant negative voltage. The entrance lens has a
variable voltage that changes proportional to the m/z value being scanned.

Figure 90: Schematics of the electron impact ion source
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With the EI ion source and the double skimmer assembly in position a small furnace
is attached to the top of the MS. This furnace completely encloses the double skimmer
assembly and allows for particles to be burned directly above the inlet to the first
skimmer.
Wiring the new source
Although the new ion source was combatable with the quad, not all of the power
supplies were available through the circuitry of the thermospray system. Three main
updates needed to be carried out in order to make the new ion source in good working
order. The first of these was to supply the power to the filament. In order for the filament
to function properly there needed to be not only a -70 V static charge on the filament but
also a current to so as to eject electrons into the ion source. The static charge was
supplied by the existing circuitry of the MS. The current was supplied by purchasing a
new DC power supply that could supply at least 2 A of DC current at approximately 3 V.
The line for the static charge of -72.5 V was routed through an Amp meter in order to
determine the electron emissions during operating conditions.
The repeller wiring was also redone such that the voltage on the repeller is the sum of
the voltages of the computer controller and the module controller. This wiring was done
by finding the wire in the MS that corresponded to the repeller and re-routing that wire to
the top of the quad circuit board. (All of the electronics of the ion source are routed
through this circuit board.) For details of the rewiring see page 21 of the Warren Roberts’
Lab book.
The EI ion source had 3 lenses while the thermospray only had 2 lenses. Because the
thermospray circuitry did not support the third lens, the power supply for the third lens

155

had to come from an outside source. This supply had to be adjustable and supply a static
voltage in the range from 0 to -150 volts. By trading with the Physics department we
obtained a Heathkit Regulated H.V. Power Supply model IP-17. By grounding the
positive end of the supply to the chassis of the MS, the COM port could supply the
negative voltage needed for the lens.
Pumping System
After finishing the modification, finding the power supplies and changing the wiring,
it was time to test the double skimmer assembly. To get down to the pumping pressure
required by the system the first stage of pumping would require substantial pumping. We
borrowed two vacuum pumps from the chemistry repair shop and the SEM lab on campus.
So along with one of the pumps given to us from the University of Utah, there were three
pumps used to pump down the first stage. Each pump pumped from one of the ports, see
Figure 88.
The two quartz skimmers were very important to the pressure on the inside of the
pump. By partially plugging the first of the two skimmers it was possible to reach an
operating pressure of 10-6 torr. But when the skimmer was clean, the orifice allowed too
much gas to enter the first stage requiring too much pumping that could not be supplied
by the three pumps. Even when the three pumps were able to pump the first stage down
to 100 torr, the operating pressure of the chamber was on the order of magnitude of 10-5
torr. At low repeller voltages (<20 V), this pressure was sufficient for the MS to switch to
operating mode but was not optimal for resolution. Also at this pressure and repeller
voltage the molecules tended to split extremely fast so that only the atomic species could
be detected above the noise. This is expectedly due to the molecules interacting with each
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other causing them to split apart when they collide. But a high resolution could be found
around 25 V.
At operating pressures of 10-6 torr the MS was capable of fairly good resolution. This
resolution was approximately 1 amu except at peaks with a very high intensity signal
were the resolution was slightly worse. Figure 91 shows an image of the tuning program
at an operating pressure of 10-6 torr. This spectrum was taken when there was a
significant amount of isopropyl alcohol present in the MS chamber.
As the pressure in the MS decreases the sample size is also decreasing. Although the
background noise decreases at lower pressures, the size of the sample and thus the peak
intensity also decreases. It may be that although the noise is smallest at the lowest
pressures. The signal to noise ratio is optimized at approximately 2-4*10-5 torr.

Figure 91: Resolution of the mass spectrometer
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Tuning the MS
There are several different tuning parameters on this particular MS of importance. As
seen in Figure 92 most of the tuning parameters are adjusted through the program tune.
There are two main menus in the tune program that deal with the resolution and the
intensity of the spectra obtained. The first of these is the Scan_Control Menu. The
parameters under this menu include SweepRate, AverageCount, ScanDirection,
ScanBaseline, FilterSize, Threshold, and MinPeakWidth. Explanations of these
parameters are found in the manual, Envirolink GC/LC-MS User Manual on pages 10-12
of appendix A.
The other important tuning parameters are found under the Lenses Menu. These
parameters include the EM_Voltage, Repeller voltage, Ion_Focus voltage, Entrance
voltage/amu, AMU_Offset and the AMU_Gain. Because these factors are not discussed
extensively in the manuals, this report will explain the knowledge that I have gained by
talking with Bing Fang of the Chemistry Department and the values that I have found
after optimizing the equipment.
The EM_Voltage is the most simple of the tuning parameters. The EM_Voltage is the
voltage applied to the electron multiplier. The higher this value the stronger the signal to
the computer. This parameter affects the sensitivity of the MS. By increasing the
EM_Voltage the signal to noise ratio as this parameter will also increased. The
disadvantage of using the EM_Voltage at the highest setting is that it will wear out the
electron multiplier faster. It is very typical to run this MS at the highest value of 3000
Volts.

158

Figure 92: Tuning parameters of the mass spectrometer

The Repeller voltage is the voltage applied to the repeller of the ion source. The
higher this voltage is, the higher the kinetic energy of the molecules leaving the ion
source. Normally this voltage should be as low as possible to allow the molecules more
resonance time in the quadrupole the additional time in the quadrupole allows for better
filtration of the ions thus a higher resolution. Figure 93 shows an example of spectra
obtained when the repeller voltage is 110 V (much larger than the optimal). For values of
resolution of about 1 peak per amu, the repeller voltage should be less than 15 Volts. The
tuning program has the capability to fine tuning the repeller voltage. The course
adjustment is made to the voltage by changing the voltage on the repeller module.
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Figure 93: Resolution of an improperly tuned mass spectrometer

The three lenses work to focus the ions in their path into the quadrupole. Although the
Ion_Focus value can be varied by the tuning program, the actual value applied by the MS
circuitry is somewhat different than that shown by the tuning program. The values of the
program of 0 to 255 volts translate to the ion source to actual voltages of 0 to -127. The
entrance lens is also controlled by the tuning program. The X_Ray setting shown on
Figure 92 controlled the X_Ray lens of the Thermospray but does nothing to the EI ion
source. The draw out lens is controlled by the Heathkit Regulated HV Power Supply. By
varying the parameters of the lenses, there can be slight increases in the detection of the
MS, but many times the tuning of these parameters produces negligible results.
The AMU_Offset is a very important parameter for tuning the quadrupole. There are
four rods in a quadrupole. Ideally these rods would form a hyperbolic shape, but in many
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applications they are circular. On two of the rods that are on opposite sides there is a
positive charge, U, and on the other two there is a negative charge, U. Although they are
positive and negative respectively, the charges are not constant. They oscillate at a very
high frequency. This frequency is in the radio frequency range. The oscillations have a
magnitude of voltage, V. The AMU_Offset is a parameter that changes the ratio of U/V.
As the AMU_Offset increases it basically opens and closes the filter size of the
quadrupole. If the AMU_Offset value is too low then the spectral peaks will be too wide.
If the AMU_Offset value is too high then the filter size will be too small and all of the
data collected will be in the noise range. Normal optimal values for the AMU_Offset are
around 50-57.
The AMU_Gain is also a tuning parameter for the quadrupole. This parameter that is
much less sensitive than the AMU_Offset. As the AMU_Offset increases, the resolution
tends to increase and the magnitude of the signal tends to decrease. So an optimal value
of this should also be found in tuning the MS, depending on the desire of the user.
The last tuning parameter for the MS is the current across the filament in the ion
source. The RSR DC Power Supply supplies the current for the filament. This controller
has both a fine and course adjustment for both the current and the voltage across the
filament. Normal current ranges from about 1.3 to about 1.6 Amps. The current across the
filament is measured on the power supply. The voltage on the filament is kept constant at
-72 V by an internal power supply. As the filament emits electrons, the emissions are
measured as a current in microamps. This measurement can be found on the Emission’s
Module on the MS. Normally the emission current is less than 50 microamps. In order to
optimize the spectra the emissions current will decrease as the repeller voltage decreases.
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Further instructions for the tuning parameters of the data acquisition program and
instructions for the data analysis are found in the operating manuals.
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APPENDIX B: More Droplet Swelling Data

Figure 94: Left - original droplet; Right - drying ongoing (d/d0 = 1.24)

Figure 95: Left - drying in progress; Right - devolatilization ongoing
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Figure 96: Left - maximum swelling (d/d0 = 3.12); Right - droplet collapse

Table 11: Droplet swelling data for Liquor A droplets
Liquor A

700 °C Air

800 °C Air

700 °C Nitrogen

800 °C Nitrogen

1.77

1.72

2.10

1.79

2.84

2.34

4.10

2.51

4.36

3.92

4.07

3.93

3.33

2.84

3.94

2.55

3.29

2.77

4.02

3.57

3.26

2.69

4.59

4.11

4.22

3.61

3.96

3.79

3.53

dmax/d0

4.15
4.12
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Table 12: Droplet swelling data for Liquor D droplets
Liquor D

dmax/d0

700 °C Air

800 °C Air

700 °C Nitrogen

800 °C Nitrogen

3.66

3.8

2.64

1.77

4.22

4.35

2.95

2.67

2.67

3.99

3.87

3.42

4.74

3.75

3.64

4.27

2.76

2.42

4.39

2.83

2.65

1.79

1.72

2.99

3.21

2.11

3.8

3.15

2.47

1.95

3.19

3.26

3.71

2.37

3.17

3.77

3.78

2.62

3.96

2.42

2.1

2.17

4.12

2.75

2.29

2.68

2.2

2.96

3.16

3.11
3.98
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Table 13: Droplet swelling data for Liquor E droplets
Liquor E

dmax/d0

700 °C Air

800 °C Air

700 °C Nitrogen

800 °C Nitrogen

2.96

2.25

2.53

2.21

3.96

2.17

2.28

2.23

4.89

2.09

4.21

3.25

2.85

3.01

3.45

4.27

2.82

2.93

3.42

2.29

2.78

1.86

1.78

2.31

1.75

1.78

3.77

3.53

3.71

3.70

3.14

2.44

2.68

1.62

2.82

1.76

2.64

2.54

3.69

3.88

3.61

4.13

2.57
2.54
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APPENDIX C: More Simultaneous Data (800 °C air)

Figure 97: RGB image, surface temperature map, and emissivity map (800 °C) –
initial droplet

Figure 98: RGB image, surface temperature map, and emissivity map (800 °C) –
droplet drying and ignition at the bottom

167

Figure 99: RGB image, surface temperature map, and emissivity map (800 °C) –
droplet devolatilization and soot cloud around the droplet

Figure 100: RGB image, surface temperature map, and emissivity map (800 °C) –
soot cloud and porous char particle
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Figure 101: RGB image, surface temperature map, and emissivity map (800 °C) –
end of devolatilization and soot cloud

Figure 102: RGB image, surface temperature map, and emissivity map (800 °C) –
char burning dominates
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Figure 103: RGB image, surface temperature map, and emissivity map (800 °C) –
particle shrinking near the end of char burning

Figure 104: RGB image, surface temperature map, and emissivity map (800 °C) –
end of char burning and inorganic remains
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Figure 105: Simultaneous data of droplet diameter, internal temperature, mean
surface temperatures, and mass (800 °C)

Table 14: Summary of all simultaneous data with the image information (800 °C)
Figure
#

Time,
s

d/d0

Internal
Temp, K

Mean surface
Temp, K

Std. dev.,
K

m/m0

97
98
99
100
101
102
103

1.77
2.07
2.37
2.53
2.70
3.00
3.13

1.00
1.84
5.24
4.75
3.64
3.42
3.11

521
631
810
928
1030
1166
1184

1295
1326
1460
1299
1329
1342
1398

277
140
166
84
124
108
114

0.918
0.77
0.456
0.378
0.249
0.0503
0.02

104

3.30

2.43

1190

1444

105

0.002
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Figure 106: Uncertainty calculations of temperature and emissivity for the image
in Figure 59 (left-emissivity, right-temperature)
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APPENDIX D: Some ISP Data and SEM Pictures

Table 15: One set of ISP data for 70% Liquor A droplets (ISP=2.2 mg and
0.8547% per BLS)
Wire, g

Wire + drop, g

Drop, mg

1

5.9417

5.944

2.3

2

5.9425

5.9449

2.4

3

5.9449

5.9463

1.4

4

5.9436

5.9477

4.1

5

5.9443

5.949

4.7

6

5.945

5.95

5

7

5.9461

5.9503

4.2

8

5.9482

5.9511

2.9

9

5.9472

5.9542

7

10

5.9491

5.9537

4.6

11

5.9513

5.9555

4.2

12

5.9505

5.9585

8

13

5.9518

5.9614

9.6

14

5.9554

5.964

8.6

15

5.9563

5.9659

9.6

16

5.9603

5.968

7.7

17

5.9608

5.9737

12.9

18

5.9625

5.9778

15.3

19

5.9658

5.9803

14.5

20

5.9702

5.9859

15.7
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21

5.9711

5.9928

21.7

22

5.9762

5.9924

16.2

23

5.9801

5.9998

19.7

24

5.9649

5.9838

18.9

25

5.9685

5.9861

17.6

26

5.9727

5.9932

20.5

27

5.9653

5.9871

21.8

28

5.9692

5.9861

16.9

29

5.9727

5.9926

19.9

30

5.9427

5.9478

5.1

31

5.9435

5.9478

4.3

32

5.9446

5.9508

6.2

33

5.9452

5.9531

7.9

34

5.9469

5.9555

8.6

35

5.9489

5.9594

10.5

36

5.9509

5.9615

10.6

37

5.954

5.9655

11.5

38

5.956

5.9649

8.9

39

5.9569

5.968

11.1

40

5.9594

5.973

13.6

41

5.9615

5.9776

16.1

42

5.9437

5.9544

10.7

43

5.9452

5.95

4.8

44

5.9467

5.9527

6

45

5.9494

5.9579

8.5

46

5.9495

5.9581

8.6

47

5.9534

5.9602

6.8

48

5.9526

5.9641

11.5

49

5.9555

5.9695

14
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50

5.9598

5.9714

11.6

Total, mg

514.8

avg, mg

10.296

Table 16: One set of ISP data for 50% Liquor B droplets (ISP=2.5 mg and
0.8511% per BLS)
Wire, g

Wire + drop, g

Drop, mg

1

6.2293

6.2377

8.4

2

6.2317

6.2377

6

3

6.234

6.2444

10.4

4

6.2365

6.2428

6.3

5

6.2383

6.2478

9.5

6

6.2408

6.255

14.2

7

6.247

6.2565

9.5

8

6.2477

6.2612

13.5

9

6.2529

6.2686

15.7

10

6.2573

6.276

18.7

11

6.2301

6.2392

9.1

12

6.2329

6.245

12.1

13

6.2363

6.2474

11.1

14

6.2394

6.2455

6.1

15

6.2412

6.2533

12.1

16

6.2444

6.2548

10.4

17

6.2481

6.2593

11.2

18

6.2514

6.268

16.6

19

6.2563

6.2665

10.2

20

6.2596

6.2686

9

21

6.2317

6.2414

9.7
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22

6.2343

6.2427

8.4

23

6.2367

6.2446

7.9

24

6.2396

6.2505

10.9

25

6.2423

6.2481

5.8

26

6.2446

6.2554

10.8

27

6.2472

6.2594

12.2

28

6.2512

6.2574

6.2

29

6.2527

6.2717

19

30

6.2581

6.2701

12

31

6.2284

6.2388

10.4

32

6.2312

6.2392

8

33

6.2335

6.2456

12.1

34

6.2374

6.2508

13.4

35

6.2411

6.2566

15.5

36

6.2456

6.263

17.4

37

6.2509

6.2605

9.6

38

6.2534

6.2715

18.1

39

6.2591

6.2855

26.4

40

6.2656

6.2884

22.8

41

6.2242

6.2296

5.4

42

6.2251

6.2378

12.7

43

6.2285

6.2398

11.3

44

6.2318

6.2428

11

45

6.2349

6.2442

9.3

46

6.2373

6.2493

12

47

6.2408

6.2586

17.8

48

6.243

6.2503

7.3

49

6.2451

6.2523

7.2

50

6.2473

6.2641

16.8
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Total, mg

587.5

avg, mg

11.75

Table 17: One set of ISP data for 70% Liquor C droplets (ISP=3.4 mg and 1.04%
per BLS)
Wire, g

Wire + drop, g

Drop, mg

1

5.9522

5.9612

9

2

5.9526

5.9598

7.2

3

5.9541

5.9598

5.7

4

5.9559

5.9624

6.5

5

5.9577

5.9635

5.8

6

5.9528

5.974

21.2

7

5.9572

5.9858

28.6

8

5.9659

5.9754

9.5

9

5.9688

5.9804

11.6

10

5.9718

5.9815

9.7

11

5.9525

5.9657

13.2

12

5.9563

5.9664

10.1

13

5.9584

5.968

9.6

14

5.9612

5.9817

20.5

15

5.9667

5.9757

9

16

5.9515

5.9722

20.7

17

5.9525

5.9676

15.1

18

5.9559

5.9618

5.9

19

5.9582

5.9742

16

20

5.962

5.9837

21.7

21

5.9524

5.9734

21

22

5.9565

5.9751

18.6
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23

5.9628

5.9752

12.4

24

5.9657

5.993

27.3

25

5.9524

5.9634

11

26

5.9552

5.9625

7.3

27

5.9576

5.9706

13

28

5.9609

5.9679

7

29

5.963

5.9795

16.5

30

5.9669

5.9738

6.9

31

5.9515

5.9613

9.8

32

5.9539

5.96

6.1

33

5.9557

5.9615

5.8

34

5.9576

5.9638

6.2

35

5.9594

5.969

9.6

36

5.962

5.9703

8.3

37

5.9516

5.9583

6.7

38

5.9538

5.9582

4.4

39

5.9552

5.9598

4.6

40

5.9562

5.9637

7.5

Total, mg

466.6

avg, mg

11.665

Table 18: One set of ISP data for 70% Liquor D droplets (ISP=2.5 mg and
0.7954% per BLS)
Wire, g

Wire + drop, g

Drop, mg

1

5.8951

5.9013

6.2

2

5.8966

5.9184

21.8

3

5.9005

5.9121

11.6

4

5.9011

5.907

5.9
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5

5.9029

5.9099

7

6

5.8955

5.9115

16

7

5.899

5.9098

10.8

8

5.9018

5.9121

10.3

9

5.9048

5.9127

7.9

10

5.9074

5.9212

13.8

11

5.8967

5.9153

18.6

12

5.897

5.9023

5.3

13

5.8977

5.9159

18.2

14

5.9025

5.913

10.5

15

5.9065

5.9205

14

16

5.8968

5.9157

18.9

17

5.9009

5.9181

17.2

18

5.9064

5.9169

10.5

19

5.9093

5.9204

11.1

20

5.9122

5.9327

20.5

21

5.8964

5.9101

13.7

22

5.9006

5.9108

10.2

23

5.9022

5.9099

7.7

24

5.9048

5.9162

11.4

25

5.9049

5.9126

7.7

26

5.8939

5.9045

10.6

27

5.8969

5.9032

6.3

28

5.8989

5.9066

7.7

29

5.9012

5.9089

7.7

30

5.9035

5.9146

11.1

31

5.8957

5.9118

16.1

32

5.8996

5.9074

7.8

33

5.9022

5.9122

10
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34

5.9044

5.9117

7.3

35

5.9069

5.9155

8.6

36

5.9094

5.9137

4.3

37

5.8954

5.9085

13.1

38

5.8989

5.906

7.1

39

5.9011

5.9083

7.2

40

5.9038

5.9211

17.3

Total, mg

449

avg, mg

11.225

Table 19: One set of ISP data for 70% Liquor E droplets (ISP=1.0 mg and
0.3047% per BLS)
Wire, g

Wire + drop, g

Drop, mg

1

5.7024

5.71

7.6

2

5.7045

5.7109

6.4

3

5.7067

5.7109

4.2

4

5.708

5.7191

11.1

5

5.7086

5.7168

8.2

6

5.7095

5.7219

12.4

7

5.7102

5.7201

9.9

8

5.7132

5.7212

8

9

6.143

6.1587

15.7

10

6.1477

6.1695

21.8

11

6.1549

6.169

14.1

12

6.1544

6.1638

9.4

13

6.1579

6.1674

9.5

14

6.1609

6.1732

12.3

15

6.1649

6.1849

20
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16

6.1719

6.1969

25

17

6.1727

6.1888

16.1

18

6.1784

6.1879

9.5

19

6.1817

6.188

6.3

20

6.1849

6.1963

11.4

21

6.1881

6.2017

13.6

22

6.1948

6.2092

14.4

23

6.1979

6.2085

10.6

24

6.2021

6.229

26.9

25

6.2109

6.2168

5.9

26

6.2127

6.2239

11.2

27

6.2168

6.2255

8.7

28

6.1437

6.1689

25.2

29

6.1516

6.1603

8.7

30

6.1547

6.1641

9.4

31

6.1579

6.1646

6.7

32

6.1603

6.1675

7.2

33

6.1626

6.1731

10.5

34

6.1666

6.1735

6.9

35

6.1693

6.1755

6.2

36

6.1401

6.1464

6.3

37

6.1424

6.1588

16.4

38

6.1477

6.1571

9.4

39

6.151

6.1674

16.4

40

6.1555

6.1648

9.3

Total, mg

468.8

avg, mg

11.72
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Figure 107: Photos of ISP under SEM: (a) a 10 µm particle with cracking surface
structure, (b) A <10 µm irregular shaped particle
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APPENDIX E: Model Nomenclatures and Governing Equations

Table 20: Nomenclatures of the droplet model
Ai

pre-exponential factor, s-1

AR

aspect ratio,

Cp

heat capacity, J.kg-1.K-1

dpore

pore diameter, m

Deff

effective diffusivity, m2.s-1

Ei

activation energy, J.mol-1

hf

heat transfer coefficient, W.m-1.K-1

Ĥ

enthalpy, J.kg-1

k

thermal conductivity,
W.m-1.K-1

η

permeability, m2

Ki

rate constant, s-1

M

molecular weight, kg.kmol-1

MW

gas average molecular weight, kg.kmol-1

n

shape factor

Nu

Nusselt number,

P

pressure, Pa

Pr

Prandtl number

r

radius coordinate, m

Re

Reynolds number

Rg

universal gas constant,
J.mol-1.K-1

Rp

particle radius, m
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RSA

surface area ratio,

t

time, s

SA

surface area

Si

source term

T

temperature, K

u

gas velocity, m.s-1

Y

mass fraction,

Greek symbols
ε

porosity,

µ

viscosity, Pa.s

ρ

density, kg.m-3

σ

Boltzman constant,
W.m-2.K-4

ω

emissivity,

-△H

heat of reaction, J.kg-1

Subscript
0

initial value or reference state

B

biomass

1, …, 7

reaction

C

char

con

conductivity

g

gas phase

G

light gas

I

inert gas

M

moisture

rad

radiation

V

water vapor

T

tar

w

wall
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The black liquor solids temporal mass balance contains three consumption terms, one
each for the reactions to light gas, tar, and char, where all terms in this expression and
most terms in the following expressions are functions of both time and position.
∂ρ B
= −(K 1 + K 2 + K 3 )ρ B
∂t

1

Similarly, the char temporal mass balance contains two source terms, one from the
conversion of black liquor solids to char and one for the char yield from the secondary
reactions of tar.
∂ρ C
= K 3 ρ B + εK 5 ρ T
∂t

2

The temporal moisture mass balance contains a loss associated with conversion to vapor
and a source term associated with water vapor re-adsorption into the particle, the latter
having an explicit dependence on gas velocity as suggested by the literature [75]
∂ρ M
= −K 6 ρ M + εK 7 ρ gYV u
∂t

3

The conservation equations for all gas-phase components (light gas, water vapor, tar, and
inert gas) include temporal and spatial gradients and source terms and can be written as
follows

∂Y
∂
1 ∂
1 ∂
ερ gYi + n (r n ερ gYi u ) = n (r n εDeff ,i ρ g i ) + Si
∂t
∂r
r ∂r
r ∂r
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4

where i = T for tar, G for light gas, V for water vapor, and I for inert gas and source terms
are defined as follows
ST = K 2 ρ B − εK 4 ρT − εK 5 ρT

SG = K1ρ B + εK 4 ρT

SV = K 6 ρ M - K 7ερ gYV u

SI = 0

5

The total gas-phase continuity equation is defined as the sum of these species and has the
form

∂
1 ∂
ερ g + n (r n ερ g u ) = S g
∂t
r ∂r

6

Sg = K1ρB + K 2 ρ B − εK 5 ρT + K 6 ρ M − εK 7 ρ gYV u

7

where

The gas-phase velocity in the particle obeys a Darcy-law-type expression

η ∂P
µ ∂r

8

ρ g RgT
MW

9

u=−

where

P=

and MW is the mean molecular weight and the permeability is expressed as a massweighted function of the individual solid-phase permeability
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η=

⎛
ρB
ρ ⎞
η B + ⎜⎜1 − B ⎟⎟ηC
ρ B ,0
⎝ ρ B ,0 ⎠

10

Arrhenius expressions describe the temperature dependence of the kinetic rate
coefficients for reactions 1-6 illustrated in

K i = Ai exp ( −

Ei
)
RT

11

The energy conservation equation describes

[(

)

)]

(

∂
ρ B Hˆ B + ρ C Hˆ C + ρ M Hˆ M + ερ g YG Hˆ G + YI Hˆ I + YT Hˆ T + YV Hˆ V
∂t
1 ∂ n
1 ∂ n
∂T
(r k eff
)
r ερ g u YG Hˆ G + YT Hˆ T + YI Hˆ I + YV Hˆ V = n
+ n
∂r
r ∂r
r ∂r
⎡
∂Y
∂YT ˆ
∂Y
⎛
⎞⎤
HT + Deff ,G G Hˆ G + Deff ,V V Hˆ V ⎟⎥
⎜ Deff ,T
⎢
1 ∂ n
∂r
∂r
∂r
⎟⎥
⎢r ρ g ε ⎜
+ n
⎜
⎟⎥
∂YI ˆ
r ∂r ⎢
HI
⎜ + Deff ,I
⎟⎥
⎢⎣
∂r
⎝
⎠⎦

[

)]

(

12

where
T
Hˆ i = Hˆ i0,f + ∫ Cpi dT

13

T0

and subscript i represents each of the four gas-phase components as before.
This form of the energy equation relates to standard theoretical analyses [85] for
multi-component systems. In Equation 12, the first term represents the energy
accumulation; the second term represents energy convection; the third term (first term
after the equals sign) accounts for conduction heat transfer, and the last term accounts for
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energy associated with diffusion of species in the gas phase. The last term generally
contributes only negligibly to the overall equations and is commonly justifiably ignored.
The effective thermal conductivity includes radiative and conductive components
with some theoretical basis [86, 87] and with empirical verification for wood [83].

k eff = k cond + k rad

14

where the particle structure is assumed to be close to the upper limit for thermal
conductivity, that is, is assumed to have high connectivity in the direction of conduction,

⎡ρ
⎛
ρ
k cond = εk gas + (1 − ε )⎢ B k B + ⎜⎜1 − B
⎢⎣ ρ B,0
⎝ ρ B,0

⎞ ⎤
⎟k C ⎥
⎟
⎠ ⎥⎦

15

and where radiation contributes approximately to the third power of the temperature

k cond

εσT 3 d pore
=
ω

16

Initial conditions are assumed from experimental conditions for a non-reacting particle.
That is, at t = 0,

P (t = 0, r ) = Patm
T (t = 0, r ) = 300 K (typically )
u(t = 0, r ) = 0
YI (t = 0, r ) = 1

17

YT (t = 0, r ) = YV (t = 0, r ) = YG (t = 0, r ) = 0
Boundary conditions at the particle center are determined by symmetry, that is, at r = 0
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∂P
∂r

t ,r =0

∂T
∂r

t ,r = 0

∂YI
∂r

= 0 ⇒ u (t , r = 0 ) = 0
=0

18

=0
t ,r = 0

Boundary conditions at the particle outer surface are defined by external conditions of
pressure, heat and mass flux, and
P (t , r = r p ) = Patm ,
∂Yi
∂r
k eff

199

=0
r =t ,r p

∂T
∂r

(

= θT hf RSA (Tf − T ) + RSAωσ Tw − T 4
4

)

r =t ,r p

where θT represents the blowing factor [85]. RSA represents the exterior surface area ratio
for spheres
R SA = SA /( 4πR P )
2
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APPENDIX F: Proximate Analysis of the Black Liquors Used

Table 21: Proximate analysis of the black liquor A used in the project (from IPST)

Barrel 1

Black Liquor A
Barrel 2 Barrel 3 Barrel 4

Proximate (w%) as received
Moisture
Ash
Volatiles
Fixed Carbon
HHV (Btu/lb)

7.02
52.2
33.95
6.83
5295

9.61
50.91
35.95
3.53
4971

6.62
52.01
35.26
6.11
5314

7.38
51.91
33.75
6.96
5243

Ultimate (w%) as received
Moisture
Carbon
Hydrogen
Nitrogen
Sulfur
Ash
Oxygen
Chlorine

7.02
32.98
3.21
0.24
4.89
52.2
<0.01
0.11

9.61
30.99
2.59
0.22
4.71
50.91
0.97
0.19

6.62
32.41
2.86
0.21
4.81
52.01
1.08
0.11

7.38
32.12
2.85
0.24
4.79
51.91
0.71
0.07

Elemental Ash Analysis (w%
of fuel) as received
SiO2
Al2O3
TiO2
Fe2O3
CaO
MgO
Na2O
K2O
P2O3
SO3

<0.01
0.188
<0.01
0.12
0.172
0.016
23.59
1.66
0.042
5.69

<0.01
0.031
<0.01
0.148
0.132
<0.01
22.91
1.95
0.015
6.46

<0.01
<0.01
<0.01
0.062
0.094
<0.01
25.95
1.9
0.01
5.98

0.753
<0.01
<0.01
0.021
0.161
0.01
24.86
1.66
0.036
6.44
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APPENDIX G: Statistical Tests of the Swelling Data

*** Linear Model ***
Call: lm(formula = swelling ~ liquor type, data = SDF6, na.action = na.exclude)
Residuals:
Min 1Q Median 3Q Max
-0.4781 -0.2629 0.00467 0.2144 0.486
Coefficients:
Value Std. Error t value Pr(>|t|)
(Intercept) 3.5736 0.2472 14.4548 0.0000
type -0.2339 0.1144 -2.0436 0.0682
Residual standard error: 0.3237 on 10 degrees of freedom
Multiple R-Squared: 0.2946
F-statistic: 4.176 on 1 and 10 degrees of freedom, the p-value is 0.06824

*** Linear Model ***
Call: lm(formula = swelling ~ furnace gas, data = SDF6, na.action = na.exclude)
Residuals:
Min 1Q Median 3Q Max
-0.5904 -0.1605 -0.04095 0.1793 0.5983
Coefficients:
Value Std. Error t value Pr(>|t|)
(Intercept) 2.7412 0.3302 8.3026 0.0000
gas 0.2431 0.2088 1.1644 0.2713
Residual standard error: 0.3617 on 10 degrees of freedom
Multiple R-Squared: 0.1194
F-statistic: 1.356 on 1 and 10 degrees of freedom, the p-value is 0.2713
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*** Linear Model ***
Call: lm(formula = swelling ~ furnace temp, data = SDF6, na.action = na.exclude)
Residuals:
Min 1Q Median 3Q Max
-0.4555 -0.1681 0.01796 0.1603 0.4634
Coefficients:
Value Std. Error t value Pr(>|t|)
(Intercept) 3.8752 0.2409 16.0890 0.0000
temp -0.5129 0.1523 -3.3670 0.0072
Residual standard error: 0.2638 on 10 degrees of freedom
Multiple R-Squared: 0.5313
F-statistic: 11.34 on 1 and 10 degrees of freedom, the p-value is 0.007158
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